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NOTE BY THE AMERICAN EDITOR. 



My object in undertaking the revision of the Treatise 

on Optics by Dr. Brewster was, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refraction, as might adapt the work to 

use in those of our colleges in which considerable exten. 

sion is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the author in a second Edition. 

A. D. BACHE. 
PkUadelpkia, Jan., 1883. 
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A TREATISE ON OPTICS. 



INTRODUCTION. 

(1). Opncs, from a Greek word which sipiifies to 9ee^ is 
that branch of knowledge which treats of the properties of 
light and of vision, as performed by the human eye. 

(2). Light is an emanation, or something which proceeds 
from bodies, and by means of which we are enabled to see 
them by the eye. All visible bodies may be divided into two 
classes — self-luminous and non4uminous, 

Self4uminou8 bodfes, such as the stars, flames of all kinds, 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Noihiuminous bodies are those which have not the power of 
discharging l^ht of themselves, but which* throw back the 
light which Mis upon them &om self-luminous bodies. One 
non-luminous body may receive light from another non-lumi- 
nous body, and dischar^ it upon a third ; but in every case 
the light must originally come fr(5Zn a self-luminous body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seen by the light which proceeds from the 
flame itself; but the objects in &e room are seen by the light 
which they receive flrom the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
Mlf receive light from the white ceiling and walls, and thus 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
charge light of the same color with themselves. A red flame 
or a red-hot body discharges red light ; and a piece of red 
cloth discharges red light, tiiough it is illuminated by the 
white l^ht of the sun. 

(A\ Light is emitted from every visible point of a luminous 
or or an illuminated body, and in every direction in which the 
noint is visible. If we look at the flame of a candle, or at a 
rfaeet of white paper, and magnify them ever so much, we 
«!fiall not observe any points destitute of light 
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(5.^ Light moves in straight lines, and consists of separate 
and independent parts, call^ rays of light If we admit liie 
light of the sun into a dark room through a small hMe, it will 
illuminate a spot on the wall exactly opposite to the sun, — the 
middle of the spot, the middle of the hole, and the middle of 
the sun, being all in the same straight line. If there is dust 
or smoke in the room, the progress of the light in straight 
lines will be distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole light, and allow only the smallest portion to 
pass, the part which passes is not in the slightest degree af* 
fected by its separation £rom the rest The smallest portion 
of light which we can either stop or allow to pass is called a 
ray of liffht. 

(6). Light moves with a velocity of 192,500 miles in a 
second of time. It travels from the sun to the earth in seven 
minutes and a half. It moves through a space equal to the 
circumference of our globe in the 8th part of a second, a 
flight which the swiftest bird could not perform in less than 
three weeks. 

(7). When light falls upon any body whatever, part of it is 
reflected or driven back, and part of it enters the body, and is 
either lost withiirit or transmitted through it When the 
body is bright and well polished like silver ^ a great part of the 
light is reflected, and the remainder lost within the silver, 
which can transmit light only when hammered out into the 
thinnest film. When the body is transparent, like glass or 
water^ almost all the light is transmitted, and only a small 
part or it reflected. The light which is driven back from 
bodies is reflected according to particular laws, the considera- 
tion of which forms that branch of optics called catoptrics; 
and the light which is transmitted through transparent bodies 
is transmitted according to particular laws, the consideration 
of which constitutes the subject of dioptrics. 
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PART I. 
ON THE BJEFLEXIOK AND REFRACTION OF UOHT. 



CATOPTRICS. 



(S.) Catoptrics is that bnuich of optics which tfeeM of 
^e process of rays of light after they are reiected from sur- 
faces either plane or curved, and of the formation of inuig;es 
from objects placed before such surfaces. * 

CHAP. I. 

REFLBXION BT SPBOULA AND MIRRORS. 

(9.) Ant substance of a regular form employed for th6 pur- 
pose of reflecting light, or of forming images of objects, is 
called a tpeculum or mirror. It is generaflv' made of metal 
or glass, having a highly polished suruice. The name of mir- 
rcn* is commoiSy given to reflectors that are made of glass ; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either plane, concave^ or 
convex. 

A plane speculum is one which is perfectly flat, like a look- 
mg-fflass; a concave speculum is one which is hollow like the 
inside of a watch-glass ; and a convex speculum is one whicn 
is round like the outside of a watch-glass. 

As the light which falls upon glass mirrors is intercepted 
by the glass before it is reflected m>m the quick-silvered sur- 
mce^ we shall suppose all our mirrors to be formed of polished 
metal, as they are in almost all optical instruments. 
(11.) When a ray of light, A bjfis^. 1., falls upon a plane 

speculum, M N, at the point D, it wi?< 
be reflected or driven back in a directiott 
D B, which is as much inclined to £ D 
a line perpendicular to M N, as the ray 
A D was ; that is, the angle B D E is 
equal to A D E, or the circular arc B E 
is equal to E A. 
B 
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The ray A D is called the incident ray^ and D B the re- 
flected ray, A D E the angle of incidence^ and B D £ tiie 
angle of reflexion; and a plane pasBing through A D and 
D %, or the plane in which these two lines lie, is called the 
plane of inMenee^ or the plane of reflexion. 

(12.) When the speculum is concave^ as M N,^. 2., then 

if C be the centre of the circle of 
which M N is a part, the incident ray 
A D and the reflected ray D B will 
form equal angles witii the line C D, 
which IS perpendicular to the small 
^ portion of the speculum on which the 
ray fails at D. Hence in this case also 
the angle of incidence A D £ is equal 
to the angle of reflexion B D E. 
(13.) When the speculum is convex, as M N,^. 3., let C 

be the centre of the circle of which M N 
forms a part, and C £ a line drawn 
through D ; then the angle of incidence 
A D E will be equal to tiie angle of re- 
flexion B D E. 

These results are found to be true by 
experiment; and they may be easily 
proved by admitting a ray of the sun^ 
tight through a hole in the window-shut- 
ter, and making it &11 on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the direction D R 
if the incident ray A D is made to approach the perpendicular 
D E, the reflected ray D B will also approach the perpendicu- 
lar D E ; and when die ray A D fldls in the direction E D, it 
will be reflected in the direction D E. In like manner 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D M. 

(14) As these results are true under all circumstances, we 
may consider it as a general law, that when light falls upon 
any turf ace, whether plane or curved, the angle of its refleath 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application for find- 
ing the direction of a reflected ray when we know the direc- 
tion of the incident ray. If A D, for example, j^s. 1, 2, 3., 
is the direction in which the incident ray fldls upon the mirror 
at D, draw the perpendicular D E in^^. L, and in fg, 2 or 
^, 3. draw a line from D to C, the^ centre of the curved sur- 
ftce M N ; and, having described a circle M B E A N round 
D as a centre, take the distance A E in the compasses and 
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carry it from E to B» and havioj? drawn a line from D to B| D B 
will be the direction of the renected ray. 



Reflexion of Rays from Plane Mirrors. 

(15.) Reflexion ofpardUel rays. When parallel or equidis- 
tant rays, A D, A' D',fg» 4, are incident upon a plane mir- 




ror, M N, they will continue to be parallel after reflexion. By 
the method already explained, describe arches of circles round 
D, IV as centres, and make the arch from £ towards B equal 
to that between A D and D £, and also the arch from £' to- 
wards B' equal to that between A' I^ and D' £' ; then drawing 
the Imes D B, ]> B', it will be found that these lines are par- 
allel If the space between A D and A' D' is filled with other 
rays parallel to A D, so as to constitute a parallel beam or 
mass of light, A A' IV D, the reflected rays will be all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted; for the side A D, 
which was uppermost before reflexion, wiU be undermost, as 
at D B, after reflexion. 

(16.) R^lexion of diverging rays. Diverging rays are 
those which proceed fiom a point. A, and separate as they ad- 
VKDce^Jdkid A D, A D', A D". When such rays fidl upon a 

lig.s. 




S'uie nuTTOT M N,Jtg. 5i, they will be ceSected in directioiMr 
B, D' B'. D" B", maidjiE the angles B D E, B' D' B', 
B" D" E" rcBpeclively, equd to A D E, A D' E', A D" E" ; 
the lines D E, D' E,' D" E" being dmwn ftom the points 
D, D', D", where the rays are incident, perpendicular to M N ; 
and 1^ continuing the reflected rays backwards, they will be 
fbuud to meet at a point A' as tar behind the Biirior M N as 
A is before it; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Hence the rays will have 
the same divergency after reflexion as they had before it If 
we consider A D"T) as a divergent beam of light included 
between A D and A D", then the reflected bnm included 
between D B and D" B" will diverge Ihiai A', and will be in- 
verted after reflexion. 

(17.) R^xion of converging rays. Conver^ng rays 
ore those which proceed frtKn several points A A' A", ^g. 6., 
towards one point B. When such laya &R upon a plana 



nrimr, H N, they will be reflected in direetiom D B', If V, 
D" B", fbnning the same angles with the perpendionlaHP & E, 
lyB', D"E", asthe incident rays did, and converffiiig to a point 
B' as for before the mirror as file point B is behmd it If we 
consider A D D" A" as a converging beam of light, D" B' D 
will be its ftirm after reflexion. 

In all these cases the reflexion does nothing more than 
invert the incident beam of light, and shUt its point of diver- 
gence or convergence to the opposite side of the mirror. 

Reflexion of Ray* from Coneme Mimrt. 

(18.) S^exwn ofparaUet ray«. Let M N, J^. 7., be a 

concave mirrco; whcee centre of concavity is C ; and let A D^ 

AM, A N be parallel rays, or a paraM beam of light tailing 
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upon it, at aiid near to the vertex D. Then, since C M, C N 
are perpendicular to the sur&ce of the mirror at the points M 
and N, C M A, C N A will be the angles of incidence of the 
raysAM,AN. Make the angles of reflexion C M F, C N F 
equal to C M A, C N A, and it wiU be found that the lines 
M F, N F meet at F in the line A D, and these lines M F, 
N F will be the reflected rays. The ray A C D beinff per- 
pendicular to the mirror at D, because it passes throu^ the 

J^^. 7. 




centre C, will be reflected in an opposite direction D F; so 
that all the three rays, A M, A D, and A N, will meet at one 
point, F. In like manner it will be found that all other rays 
between A M and AN, falling' upon other points of the mirror 
between M and N, will be reflected to the same point F. Hie 
point F, in which a concave mirror collects the rays which &11 
upon it, is called ike focus, or fire-place^ because the rays thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its priji- 
cipal focus, tft its focus for parallel rays. When we consider 
that the rays which form the beam A M N A occupy a large 
space before they &11 upon the mirror M N, and by reflexion 
are condensed upon a small space at F, it is easy to understand 
how they have the power of burning bodies placed at F. 

Rhus. — ^The distance of the focus F from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance F D is called the 
principal focal distance of the mirror. The truth of this rule 
may be found by projecting fig. 7. upon a large scale, and by 
ta^ng the points M N near to D. 

(19.) Reflexion of diverging rays. Let M N, jff^. 8., 
be a concave mirror, whose centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiating from 
the point A, fall upon the mirror at the points, M, D, N, 
and be reflected from these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points M, D, and N, we shall find 

B2 
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the reflected nyn M F, N F, by making the an^Ie F M C 
equal toAMC, andFNC equal to AN C; and the point F 
Where these rays meet will be the locus where the diverging 
ra)rs A M, A N are collected. By comparing^. 7. with J^. 
8. it is obvious that, as the incident ray A M in^. 8. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray M F wiU also be nearer the perpendicular C M 
than the same ray mfig, 7. ; and as the same is true of the 
reflected ray N F, it fomwB that the point F must be nearer 
C in Jig. 8. than in j^. 7. ; that is, in the reflexion of diverg- 
ing rays the focal distance D F of the mirror is greater thui 
its focal distance for parallel rays. 

If we suppose the point of divergence A, fig, 8., or the 
radiantpointf as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays -M F, N F will also ap* 
proach to Q M, C N ; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also approaches to 
it, so that when A reaches C, F will also rea(£ C ; that is, 
when rays diverge from the centre, C, of a concave mirror, 
they will all be reflected to the same point 

tf the radiant point A passes C towards D, then the focus F 
will pass C towards A ; so that if the light now diverges from 
F it will be collected in A, the jpoints that were fimnerly the 
radiant points being now the focL From this relation, or in- 
terchange, between the radiant points and the foci, the points 
A and F have been called cfmjvgate fociy because if either 
of them be the radiant point the other will be the focal point 

If in j^^. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance ; that is, the rays 
wiU never meet in a focus, but will be parallel, Uke M A, N A 
mfig. 7. 

In like manner it is obvioiu^ that if the point F is aty^ as in 
fijg. 9*» the reflected rays will be Mo, N a; that is, they will 
diverge from some point. A', behind the mirror M N ; uid af 
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/approaches to D, they will diverge more and more, as if the 
point A', from which they seem to diverge, approached to 
I). The point A' behind the mirror, from which the rays M a, 
N a seem to proceed, or at which they would meet if they 
moved backwards in the directions a M, a N is called their 
virtual focus^ because they only tend to meet in that focus. 

In all these cases the distance of the focus F may be deter- 
mined either by projection or by the following rule, the radius 
of the concavity of the mirror, C D, and the distance, A D, 
of the radiant point, being given. 

Rule. Multiply die distance, A D, of the radiant point fh)m 
the mirror by the radius, C D, of the minor, and divide this 
product by the difference between twice the distance of the 
radiant point and the radius of the mirror, and the quotient 
will be F D, the conjugate focal distance required. 

hi applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
Btfjjig. 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule. ^O 

(20.) Uefiexum of converging rays. Let M N, jfffi^. 10., be 
a concave mirror whose centre of concavity is C, and let raySi 
A M, A D, A N, converging to a point A' behind the mirror, fell 
upon the mirror at the points M, D, and N, and suffer reflexion 
at these points ; M and N being near to D. The lines C M, C D, 
and G N being perpendicular to the mirror at the points M, D, 
and N, we shall find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and F N C equal to A N C; 
and the point F, where these rays meet, will be the focus where 
the converging rays A M, A N are collected. By comparing 
Jg, 10. wi3i^. 7. it will be manifest, that, as the incident ray 
A M in Jig. 10. is farther from the perpendicular C M than 
the same ray A M mjig. 7., the reflected ray M F in Jig. 10 
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will also be &rther from the perpendicular C M than the same 
ray in Jig * 7. ; and as the same is true of the reflected ray N F, 
it follows that the point F must "be farther from C in j^^. 10. 
than mjig. 7. ; that is, in the reflexion of converging rays, 
the conjugate focal distance D F of the mirror is less l£an its 
distance for parallel rays. 

If we suppose the point of convergence A',Jig» 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, C N ; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F will like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point . of convergence A' recedes farther &om D to the 
left, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
fig, 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
fi)llowing ruler 

Rule. Multiply the distance of the point of convergence 
from the mirror by the radius of the murror, and divide this 
product by the sum of twice the distance of the radiant point 
and the radius C D, and tiie quotient will be the distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

Reflexion of Rays from Convex Mirrors, 

(21.) Refl^ion of parallel rays. Let M N, Jig. 11., be a 
convex mirror whose centre is C, and let A M, A D, A N be 
parallel rays falling upon it Continue the lines C M and C N 
to £, and M E, N £ will be perpendicular to the sur&ce of 
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the mirror nt the pointslif and N. The rays A M, A N will 
therefore be reflected in directicms M B, N B, the angles of 
reflexion £ M B, E N B being equal to the angles of incidence 
E M A, £ N A. By continuing the reflected rays B M, B N 
backwairdB, they will be found to meet at F, their virtual &cus 
behind the mirror; and the focal distance D F for parallel rays 

Fig. 11. 




will be almost exactly one half of the radius of convexity 
C D, provided the points M and N are taken near D. 

(22.) Reflexion of diverging rays. Let M N^jfig. 12., be a 
convex mirrcHr, C its centre of convexity, and A M, A N rayg 




diverging from A, which fall upon the mirror at the points 
M, N. The lines CMEandCNEwiUbe, as before, per- 
pendicukr to the mirror at M and N ; and consequently, if 
we make the angles of reflexion E M B, E N B equal to the 
angles of incidence EMA, ENA, MB,NB will be the re- 
flected rays which, when continued backwards, will meet at 
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F, their virtual fecus behind the mirror. By compariiig fig. 
12. with fig, 11., it is obvious that the ray A M, fig, 12., is 
farther from M £ than in fig. 11., and consequently the re- 
flected ray M B must also be &rther from it Hence, as the 
same is true of the ray N B, the point F, where these rays 
meet, must be nearer to D in jf^. 12. than in j^. 11. ; that is, 
in the reflexion of diverging rays, the virtual focal distance 
D F is less than for parallel rays. 

For the same reason, if we suppose the point of divergence 
A to approach the mirror, the virtual focus F will also approach 
it; and when A arrives at D, F will also arrive at D. m like 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the rays become 
parallel, as in^. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one behind the mirror.* 
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IMAGES FORMED BT MIBRQSS. 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet of paper. Images are generally form- 
ed by mirrors or lenses; though they may be formed also by 
placmg a screen, with a smaU aperture, between the object 
and the sheet of paper which is to receive the image. In 
order to understand this, let C D be a screen or window-shut* 

Ji|^.13. 




ter with a small aperture. A, and E F a sheet of white paper 
placed in a dark room. Then, if an illuminated object, RGB, 
IS placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper at r ^ 6. In 
order to understand how this takes place, let us suppose the 
object R B to have three distinct colors, red at R, green at G, 
and hive at B; then it is plain that the red light from R will 

« For a diflcuMion of the subjecta in this chapter, see (in the Colleffe Edi • 
tion) the Appendix of American Editor, Chapter I. 
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pass in strai^t lines thioagfa the aperture A, and fall upon 
the paper £ F at r. In like manner the green light from G 
will rail upon the paper at g, and the bhie light &om B wiU ^ 
fidl upon the paper at h ; thus painting upon the paper an m- 
verted image, r6, of the object, R B. As every colored point 
in the object R B has a colored point corresponding to it, and 
opposite to it on the paper £ F, liie iniage b r will be an ac- 
curate picture of the object R B, provided the aperture A is 
very small. But if we increase the aperture, the ima^e will 
become less distinct ; and it will be nearly obliterateGT when 
the aperture is large. The reason of this is, that, with a 
lar^ aperture, two adjacent points of the object will throw 
their light on the same point of the paper, and thus create 
confusion in the image. 

It is obvious fiom^^. 13., that the size of the image b r will 
increase with the distonce of the paper £ F behind the hole 
A. If Ag is equal to A G, the unage will be equal to the 
object ; if A^ is less thein A G, the image will be less than 
the object; and if A^ is greater than AG, the image will 
be greater than the object 

As each point of an object throws out rays in all directions, 
it is manifest that those only which &11 upon the small aper> 
ture at A concur in forming the image b r ; and as the num- 
ber of these rays is very small, the unage b r must have very 
little light, and therefore cannot be us^ for any optical pur- 
pose& This evil is completely remedied in the formation of 
unages by mirrors and lenses. 

(^) Pormation of images by concave mirrors. Let A B, 
Jig, l4, be a concave mirror whose centre is C, and let M N 
be an object placed at some distance before it Of all the 




rays emitted in everjr direction by the point M, the mirror re- 
ceives only those which lie between MA and M B, or a cone 
of ravs Af A B whose base is the spherical mirror, the section 
of which is A R If we draw the reflected rays A tn, B m, 
for all the incident ravs M A, M B, by the methodi already 
described, we shall find that they will all meet at the point m, 
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and Will there paint the extremity M of the object In like 
manner, the cone of rays NAB flowing &om the other ex- 
tremity N ci the object will be reflect^ to a fecus at n, and 
will there paint that point of the object For the same reason, 
cones of rays flowing from intermediate points between M 
and N will be reflected to intermediate points in the image 
between m and n, and m n will be an exact inverted picture 
of the object M N. It will also be very bright, because a 
great number of rays concur in forming each point of the 
image. The distance of the ima^ from the mirror is found 
bjr Sue same rule which we have given for finding the focus of 
divergi^ rays, the points M, tn in Jig, 14 corre^KmdiDg with 
A and F in^. a 

If we measure the relative sizes of the object M N and its 
image m n, we shall find that in every case the size of the 
image is to the size of the object as the distance of the image 
from the mirror is to the distance of the object from it 

If the concave mirror A B is large, and if the object M N 
is very bright, snch as a plaster of Paris statue strongly illu- 
minated, the image m n wDl appear suspended in the ahr ; and 
a series of instructive experiments may be made by varying 
the distance dt the object, and observing the varifftion in the 
size and place of the image. When Sie object is placed at 
m n, a magnified representation of it will be formed at M N. 
(25.) Formation of images, by convex mirrors. In concave 
mirrors there is, in all cases, a real ima^e of the object formed 
in front of the mirror, excepting when ue object is placed be- 
tween the principal focus and the mirror, m which case it 
gives a virtual image formed behind it; whereas in convex 
muTors the image is always a virtual one foimed behind the 
mirror. 
Let A Bfjig, 15., be a convex mirror whose centre is C, and 
jj^ jj^ M N an object placed before it ; and let 

the eye of the observer be situated any- 
where in front of the mirror, as at E. 
Out of the great number d rays which 
are emitted in every direction from the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter tiie eye at E. Those 
which do enter the eye, such as D E, 
FEandGE, HE,willbe reflected 
from the portions D F, G H of the mir- 
ror so situated with respect to the eye 
and the points M, N that the angles of incidence and reflexion 
will be equal The ray M D will be reflected in a direction 
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It E, Strmiog the rame anrle that M D does with the perpen- 
dicular C N, and the ray NG in the direction GE. la like 
tnanner, FE, HE will be the reflected rajs correspondiDg to 
the incident ones M F, N H. Now, if we continue bsckwards 
the ra.ya D E, F E^ iney will meet at m ; and they will there- 
fore appear to the eye to have come &om the point m as their 
focus. For tjie same reason the nye G B, H E will appear to . 
come from the point n as their focus, and m n will be lie vir- 
tual image of the objecf M N. It is called virtual because it 
is not formed by the actual union of rays in a focus, and cannot 
be received upon paper. If the eye E is placed in any other 
poeition before the mimn-, and if mya are drawn from M and 
N, which after reflexion enter the eye, it will be (wind that 
these rays continued backwards vtill have their virtual loci at 
m and n. Hence, in every poeition of the eye before the mir- 
tar, the ima^ will be seen m the same spot m it. If we draw 
the lines C M, C N from the centre of the mirror, we ahall 
find that the points m, n ore always in thece lines. Hence it 
is obvious that the image m n is always erecf, and Jess than 
the object It wilt approach lo the mirror as the object M N 
approaches to it, and it will recede from it as M N recedes ; 
and when M N is infinite!}] distant, and the rays which it 
emits become parallel, the image m n will be ndf-way be- 
tween C and the mirror. In other positions of the object the 
distance of the image will be found by the nils already given 
ibr diveiging rays mlling upon cmvex mirrors. The size of 
the image is to the size of the object, as C ni, the distance of 
the image from the centre of the mirror, is to C M, the dis> 
tance of the object. In approaching the mirriH', the image 
and object approach to equality ; and when they touch it, they 
tie both of the same size. Hence it tbllows that objects are 
always seen diminished in convex mirrors, unless when they 
actually touch the mirror. 

^6.) Formatioa o/* itiwgei by plane mtrrori. Let A B^ 
1/' ><■ J^' 18;, be a plane mirror or looking-glass, 

MN an object situated before it, and E 
the place of the eye ; then, upon the very 
same priTV.iples which we have explain^ 
for a convex mirror, it will be found that 
an image of M N will be formed at m n, 
the virtual fijci m, n being determined ^ 
continuing back the reflected rays D E, 
F E till they meet atni,andG£,HEtin 
they meet at n. If we join the points 
H, m and N, n, the linea M ni, N n will 



be perp^idiculu- to the mirror A B, and consoqoently parallel j 
and the image will be at the suae distance, and have the nine 
position liehiad the mirror that the object has befin« iL Hence 
we see the reason whj the images of all objectB seen in « 
looking-glaai have the aante fbrm and distance as the ottjecta 
themselve&* 
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KEntUTnON. 

(S8.) When light pasKS through a drop <^ water or a piece 
of -glass, it obviouslr sufiers scane change in its directim, be- 
cause it does not ulumiuate a piece of paper placed behind 
these bodies in the same maimer as it did before they were 
placed in its wbj. These bodies have therefore ezerciMd 
some action, or produced some change upon the tight, durinjr 
its progress through them. 

In <xiet to discover the nature of this change, let A B C D 
■K^. IT. be an empty vessel, having a hole 

^ H in one of its sides B D, and let a 
lighted candle S be pUced within a 
" ■ " "' that a ray of its 
ill upon the bottom 
_ _ J the vessel, and form a round 
h spot of light at a. The beam of 
light S H R a will be a straight 
line. Having marked the point a which the ray from S 
strikes, pour water into the vessel till it rises to the level E F. 
As Boon as the surfiice of Ibe water has become smooth, it will 
be seen that the round spot which was Ibnnerly at a is now 
at 6, and that the ray S H R 6 is bent at R; H R and R 6 
being two straight lines meeting at R, a point in the surfiice 
of the water. Hence it follows, that all objects seen under 
water are not seen in their true direction by a person wbooe 
eye is not immereed in the water. If a fish, for example, i* 
lying at 6,^. 17., it will be seen by an eye at S in the direc- 
tum S o, the direction of the re&acted ray R S; so that, in 

• Fn Uh rHinitlon of Inaiei br Dlrron, iM (In UN CoUat* WUIion) tko 
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order to shoot it with a ball, we must direct the gun to a 
point nearer us than the point a. For the same reason, every 
point of an object under water appears in a place different 
from its true place ; and the difference between the real and 
apparent place of any point of an object increases with its 
depth beneath the sumce, and with the obliquity of the ray 
R S by which it is seen. A straight stick, one half of which 
is immersed in water, will therefore appear crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for example, will appear bent like S R 6 ; 
and a rod bent will, for a like reason, appear straight. This 
effect must have been often observed in the case of an oar 
dipping into transparent water. 

If in place of water we use alcohol, oU, or glass, the snr* 
faces of all these bodies coinciding with the line £F, we shall 
find that th^ all have the power t)f bending the ray of light 
S R at the point R ; the alcohol bending it more than the 
water, the oil more than the alcohol, and me glass more than 
the oil. In the case of glass, the ray would he bent into tbe 
direction R«. The power which thus bends or changes the 
direction of a ray of light is called refraction, — a name de- 
rived from a Latin woni, signifying breaking back,. — ^because 
the ray S R a is broken at R, and the water is said to refract, 
cm: break the ray, at R. Hence we may conclude that, if a 
ray of light, passing throUjgh air, falls in an oblique or slaiiting 
direction on the surface of solid or fluid bodies that are trans- 
parent, it will be refracted towards a line, M N, perpendicular 
to the surface E F at the point R, where the ray enters it ; 
and that the quantity of this refraction, or the angle a R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
different refi^tive powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cemented on the bottom of it at 
a. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
through the hole H. If water be now poured into the vessel 
up to E F, the observer will no longer see the sixpence ; but 
ir another sixpence is placed at a, and is moved towards b, it 
will become visible when it reaches b. Now, as the ray from 
the sixpence at b reaches the eye, it must come out of the 
water at a point, R, in tiie surface, found by drawing a straight 
line, SHR, through the eye and the hole H; and conse- 

Suently b R must he the direction of the ray, which makei 
lie sizpence visihle, before its refraction at K. But if this 
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ra^ had moved onwards in a straight line, without being re« 
fra'cted at R, its path would have been b k ; whereas, in con- 
Beqiience of the refraction, its path is R H. Hence it follows, 
that when a ray of light, passing through any dense medium, 
such as water, &c., in a direction oblique or slanting to its 
sur&ce, quits the medium at any point, and enters a rarer 
medium, such as air, it is refracted from the line perpendicu- 
lar to tlie'sur&ce at the point where it quits it 

When the ray S H R from the candle falls, or is incident 
upon the surface E F of the water, and is refracted in the di- 
riection R 6, towards the perpendicular M N, the angle M R H 
which it makes with the perpendicular, is called the angle of 
incidence ; and the angle N R 6, which the ray R 6 bent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H R is called the incident 
rayy and Kb the refracted ray. But when the light comes 
out of the water from the sixpence at b, and is refracted at R 
in the direction R H, 6 R is the incident ray and R H the 
refracted ray. The anp^le N R 6 is the angle of incidence, 
and M R H the angle or refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium, as from air to toater, the angle of incidence 
is greater than the angle of refraction; and when light 
passes out of a denser into a rarer medium, as out of water into 
air, the angle of incidence is less than the angle of refrac- 
tion: and these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. V 
(29.) In order to oiscover the law, or rule, according to 

which the rays of light enter or quit 
water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, fg. 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made Umt it 
may be attached to the board along 
any radius H R, H' R, or, what would 
be still better, that it mav move 
^ fireely round R as a centre. Let the board with its pedestal be 
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placed in a pool or tab of water, or in a glass vessel of ¥^ter, bo 
that the surfiLce of the water may coincide with the line E F 
without touching the end R of the tube H R. When the tube 
IB in the position M R, perpendicular to the surface E F of the 
water, admit a ray of light down the tube, and it will be seen 
that it enters the water at R, and passes straight on to N, 
without suffering any change in its direction. Hence it fol- 
lows, that a ray of light incident perpendicularly on a re- 
fracting surface experiences no refraction or change in its 
direction. If we now place a sixpence at N, we shall see 
it through the tube M R; so that the rays from the sixpence 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quitting a refracting surface 
perpendicularly undergoes no refretction or change of direo- 
tion. If we now bring the tube into the position H R, and 
make a ray of li^ht pass along it, the ray will be refracted at 
R in some direction R b, the angle of refraction N R 6 being 
less than the angle of incidence M R H. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
h from the perpendicular M N, and make a scale of equal 
parts of which 6 n is one part, the scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall find it to be 1*336 of these parts, or 1^ 
nearly. If this experiment is repeated at any other position, 
H' R, of the tube where R b' is the refracted ray, we shall 
find that on a new scale, in which b' n' is one part, H' m' will 
also be 1*336 parts. But the lines H m, H' m' are called the 
sines of the angles of incidence H R M, H' R M, and b n, 
b' n' the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the surftce 
E F of the water. This truth is called by optical writers the 
constant ratio of the sines. By placing a sixpence at 6, we 
shall find that it will be seen through me tube when it* has 
the position H R; and placing it at 6', it will be seen through 
it in the position H' R. Hence, when light quits the surface 
of water, the sine of its angle of incidence bK N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines 6 n, H m ; and since these 
are also the measures of b' n' H' m' upon another scale, in 
which b' n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make the same experiment with other bodies, we 
ahall obtain different degrees of refraction at the same angles ; 

C2 



90 A TREATISE ON OPTICS. PA^T I 

Init in ever^ case the sines of the angles of incidence and 
refraction will be found to have a constant ratio to each other. 

The number 1*336, which expresses this ratio for water, ia 
called the index of refraction for water, and sometimes its 
refractive power, 

(30.) As philosophers have determined the index of refrac- 
tion for a great variety of bodies, we are able, from those de- 
terminations, to ascertain the direction of any ray when re- 
fracted at any angle of incidence from the surface of a given 
body, either m entering or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H Ryfiff. 
18., afler it is refracted at the surface E F of water : draw R M 
perpendicular to £ F at the point R, where the ray H R enters 
the water, and from H draw H m perpendicular to M R, 
Take H m in the compasses, and make a scale in which this 
distance occupies 1*336 parts, or 1^ nearly. Then, taking 1 
on the same scale, place one foot of the compasses in the 
quadrant N F, and move that foot towards or from N till the 
other foot falls upon some one point n in the perpendicular 
R N, and in no other point of it. Let b be the point on which 
the first foot of the compasses is placed when the second falls 
upon 71, then the line R b passing through this point will be 
the refracted ray corresponding to the incident ray H R. 

(31.) Table I. (Appendix) contains the index of refraction 
for some of the substances most interesting in optics. 

(32.) As the bodies contained in these tables have all di& 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for example, arises from its particles being at so great a distance 
from one another ; and, if we take its specific gravity into 
account, we shall find that, instead of havmg a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which difierent media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table IL (Appendix) has l>een calculated. 

Mr. Herschel has jusdy remarked, that if^ according to tho 
doctrines jo£ modem chemistry, material bodies consist of a 
finite number of atoms, difienng in their actual weight for 
every differently compounded substance, the intrinsic refrao« 
tive power of the atoms of any given medium will be the 
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product arisiii^ from multiplving the number fiir the mediom, 
m Table U. by the weight of its atom. 

(33.) In examining Table IL, it appears that the substances 
which contain fluoric acid have the least absolute refractive 

Eower, while all inflammable bodies have the greatest The 
igh absolute refractive power of oU of cassia, which is placed 
atove all other fluids, and even above diamond^ indicates the 
great inflammability of its ingredients.f 



CHAP. IV.* 

KEFRACTION THROUGH PRISMS AND LENBEB. 

(34). Bt means of the law of refraction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage Uirough an^ medium or body of any figure, or through 
any number of bodies, provided we can always find the incli- 
nation of the incident ray to that small portion of the surface 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the construction of optical instruments, where the efiect ii 
produced by refraction, are prisms, plane glasses, spheres^ 
and lenses, a section of each of which is £own in the an- 
nexed figure. 



a^c 



^ D E F G H 1 




1. The most common optical prism, shown at A, is a solid 
having two plane sur&ces A R, A S, which are called its re- 
fracling surfaces. The fiice RS, equally inclined toAR 
and A ^ is called the b<ise of the prism. 

2. A plane glass, shown at B, is a plate of glass with two 
plane surfaces, ab, cd, parallel to each other. 

3. A spherical lens, ehovin at C, is a sphere, all the points 
in its sumce being equally distant from me centre O. 

4. A double convex lens, shown at D, is a solid formed by 
tiDO convex spherical surfaces, having their centres on oppo- 
site sides of the lens. When the radii of its two surfiices are 
equal, it is said to be equally convex ; and when the radii are 
unequ&d, it is said to be an unequaUy convex lens, 

* For the subjects treated in this and in the preceding chapter, see (in tha 
College edition) the Appendix of Am. ed. chap. iii. 
t See Note No. I. at the close of author's Appendix. 
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5. A planthconvex lens, shown at E, is a lens having one 
of its surfaces convex and the other plane. 

6. A double concave lens, shown at F, is a solid bounded by 
two coTicave spherical surfacesi and may be either equally or 
unequally concave. 

7. A planoconcave lens, represented at 6, is a lens one of 
whose surfaces is concave and the other plane. 

8. A meniscus, shown at H, is a lens one of whose surfaces 
is convex and the other concave, and in which the two sur&ces 
meet if continued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavoconvex lens, shown at I, is a lens one of whose 
surfaces is concave and the other convex, and in which the 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
of their curved surfaces, and perpendicular to their plane sur- 
^ces, is called the aocis. The figures represent only the sec- 
tions of the lenses, as if they were cut by a plane passing 
through their axis ; but the. reader will understand that the 
convex surface of a lens is like tlie outside of a watch-glass, 
and the concave surface like the inside of a watch-glass. 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall still use the section^ 
shown in the above fi^re ; far since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of t£e rays passing through one section must be true 
of the rays passing through every section, and consequently 
through flie whole surface. 

(35.) Refraction of light through prisms. As prisms are 
Introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing li^ht and exam- 
ming the properties of its component parts, it is necessary 
that the reader should be able to trace the process of light 
through their two refracting surfaces. Let A B C be a prism of 

plate glass whose index of refraction 
IS 1*5(]&, and let H R be a ray of light 
falling obliquely upon its first surface 
A B at the point K. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H M 6. Through R 
draw M R N perpendicular to A B, 
and H m perpendicular to M R. The 
anffle H R M will be the angle of in- 
cidence of the ray H R, and H m its sine, which in the present 
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case 18 1*500. Then baying made a scale in which the duh 
tanee H m is 1*500, or 1^ parts, take 1 part or unity from the 
same scale, and having set one fi)ot of the compasees on the 
circle somewhere about b, move it to different points of the 
circle till the other foot strikes only one point n of the line 
R N ; the point b thus found will be that through which the 
refracted ray passes, R b will be the refracted ray, and n R 6 
the angle of refraction, because the sine b n.of wis angle has 
been made such that its ratio to H m, the sine of the anfi^le of 
incidence, is as 1 to 1*500. The ray R b thus refracted will 
go on in a straight line till'it meets the second surface of the 
prism at R', where it will again su^r refraction in the direc- 
tion R' b'. In order to determine this direction, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H'6'. Draw R'N perpendicular to AC, and H'm' 
perpendicular to R' N, and form a scale on which H' m' shall 
oe 1 part, or 1*000, and divide it into tenths and hundredths. 
From this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; and having set one foot some- 
where in the line R' n', move it to different parts of it till the 
other foot &lls upon some part of the circle about b\ taking 
care that the point b' is such, that when one foot of the com- 
passes is placed there* the other foot will touch the line R' n', 
continued, only in one place. Join R' b'. Then, since H' R' m' 
is the angle of incidence on the second surface A C, and H'm' 
its sine, and since n' b', the sine of the angle b' R' n', has been 
made to have to H'm' the ratio of 1*500 to 1, b'R'n' will be 
the angle of refraction, and R' b' the refracted ray. 

If we suppose the original ray H R to proceed from a can- 
dle, and if we place our eye at b' behind the prism so as to 
receive the refracted ray b' R', it will appear as if it came 
in the direction D R' b% and the candle will be seen in that di- 
rec(;ion; the angle H E D representing its angular change of 
direction, or the angle ofdeoiationy as it is cfdled. 

In the construction of Jig. 20., the ray H R has been made 
to fall upon the prism at such an angle that the refracted ray 
R R' is equally inclined to the faces A B, A C, or is parallel to 
the base B C of the prism ; and it will be found that the angle 
of incidence on the &ce of the prism, H R B is equal to me 
angle of emergence b' R' C. Under these circumstances we 
ehSil find, by making the angle H R B either greater or less 
than it is in the figure, that the angle of deviation H E D is 
less than at any other angle of incidence. If we, therefore, 
place the eye behind the prism at 6', and turn the prism 
round in the plane BAG, sometimes bringing A towards the 
eye and sometimes pushing it from it, we shaU easily discover 
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the pontion where the image of the candle seen in the direc- 
tion b' D has the least deviation. When this nosition is found, 
the angles H R B and b' R' C are equal, and R R' is parallel ^ 
to B C, and perpendicular to A F, a line bisecting the refract- "* 
ing angle B A C of the prism. Hence it may be shown by 
the similarity of triangles, or proved by projection, that the 
angle df refraction 6 R n at the first sui&ce is equal to B A F^ 
half the refracting angle of the prism. But since B A F is 
known, the angle of refraction 6 R n is also known; and the 
angle of incidence H R M being found b^ the preceding methods, 
we may determine the index of re&action for any prism by the 
-following analogy. As the sine of the angle of refraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or tlie index of refraction is equal to the sine of 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) By this method, which is very simple in practice, we 

may readily measure the refractive powers of all bodies. If 

the body be solid, it must be shaped mto a prism ; and if it is 

fioft or fluid, it must be placed in the angle B A C of a hollow 

fig. 21. prisgi ABC, Jig. 21., made by cement- 

^^C ^ together three pieces of plate glass, 

^^f\ A B, A C, B C. A very simple hollow 

^ffjj^ E l^ prism for this purpose may be made by 

A^PiliiR m^ fitstening together at any angle two 

^^'■*'*"'""^~"B pieces of plate glass, A B, A C, with a 
bit of wax, F. A drop of the fluid may then be placed in the 
angle at A, where it wiU be retained by the force of capillary 
attraction. 

When light is incident upon the second sur&ce of a prism, 
it may fall so obliquely that the surface is incapable of refract- 
ing i^ and therefore the incident light is totally reflected from* 
the second surface. As this is a curious property of light, we 
must explain it at some length. 

4 

On the total Reflexion of Light. 

(37.) We have already stated, that when light foJls upon 
the first or second surfaces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this case said to 1^ partially re- 
flected. When the light, however, falls very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a single ray sufiers refraction, or is transmitted by the 
surfiice. Let A B C be a prism of glass, whose index of re- 
fraction is 1-500: let a ray of light GK,JS^. 22., be refracted 
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' at K by the fint sqt&co A B, to 

•"^•^ as to fiOl on the point R of the 

second surface very obliquely^ 
and In the direction K R, Upon 
R as a centre, and with any ra- 
dios, RH, describe the circle H 
M E N F; then, in order to find 
the refracted ray correspondmg 
to H R, make a scale on which 
H m is equal to 1, and take in 
the compasses 1*500 or 1^ from that scale, and setting one 
foot in the quadrant E N^ try to find some point in it, so that 
the other foot may &11 only in one point of the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than E R, the sme of an angle E R N of 90^. If 
tke distance 1*500 in the compasses had been less than E R, 
•the ray would have been refracted at R ; but as there is no 
angle of refraction whose sine is 1*500, the ray does not 
emerge from the prism, but suffers total refleidon at R in the 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence MRU. If we construct ^^. 22. so as 
to make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
difierent positions between RN and RE. There will be 
some position of the incident ray about H R, where the re- 
fracted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from the scale on which H m 
is equal to 1, is exacdy equal to R E, or radiusL At all posi- 
tions of the incident ray between this line and F R, refraction 
will be impossible, and the ray incident at R will be totally 
reflected. It will also be found that the sine of the angle of 
incidence at R, at which the light bejgins to be totally reflect- 
ed, is equal to y.TTiP ^^ "^^^ ^^ f « which is the sine of 41<=> 48', 
the angle of total reflexion for plate glass. 

The passage from partial to total reflexion may be finely 
seen, by exposing one side^ A C, of a prism A B C^fig. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B, of the prism, and looliis at the image of 
the sky, or the paper, as reflected from the base, B C, of the 

Erism, it will see when the angle of incidence upon B C is 
3SS than 41° 48', the faint light produced by partial reflexion ; 
but by turning the prism round, so as to render the incidence 
gradually more oblique, it will see the faint light pass sud- 
denly into a bright light, and separated from the &int light by 
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Fig, 93. 




a eolored frin^ which marks the boundary of the two reflex 
ions at an angle of 41^ 48'. But, at all angles of incidence 
above this, the light will suffer total reflexion. 

Refraction of Ldght through Plane Glasses, 

(38.) Let M Nfjig* 23., be the section of a plane glass with 

parallel fiices; and let a ray of light, 
A B, fall upon the first surface at B, 
and be refhicted into the direction 
B C : it will again be refracted at its 
emergence firom the second surface 
at C, in a direction, C D, parallel to 
A B ; and to an eye at D it will ap- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
inff D C backwaicl& It will thus appear to come from a P2^nt 
a below A, the point &om which it was really emitted. This 
may be proved by projecting the figure by the method already 
described ; though it will be obvious also from the consideni- 
tion, that if we suppose the refracted ray to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, Mling at equal 
angles upon the two surfaces of the plane gla^ will sidSer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C D form with the two refracting surfiices 
will be equal, and the rays parallel. 

If we suppose another ra^. A' B', parallel to A B, to fall 
tmon the pomt B', it will sufier the same refraction at B' and 
C', and will emerge in the direction C B', parallel to C D, as 
if it came fkaa a point a'. Hence paralfel rays falling upon 
plane glass unU retain (heir parallelism after passing 
through iL 
(S9). If ra3rs diverging fi:om any point. A, ^.24., such as 
^'^ AB, AB', are incident upon a 

plane glass, M N, they will be 
refracted into the directions B C, 
B'C by the first surface, and 
C D, C D' by . the second. By 
contmuing C B, O B' backwards, 
they will be found to meet at a,' 
a point farther from the glass 
than A. Hence, if we suppose 
te sur&ee Bft' to be that of standing water, placed horixaii- 
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tally, an eye within it would see the point A removed to a, 
the divergency of the rays B C, B' C having been diminished 
by refraction at the sariace B B'. But when the rays B C, 
B' C suffer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C backwards, that they 
will meet at 6, and the object at A will seem to be brought 
hearer to the glass ; the rays C D, C D', by which it is seen, 
having been rendered more divergent by the two refractions. 
A plane glass, therefore, diminishes the distance of the diver- 
gent point of diverging rays. 

If we suppose D C, D' C to be rays converging to 6, they 
will be made to converge to A by the refraction of the two 
surfaces; and consequently a plane glass causes to recede 
from it the conver^fent point of converging rays. 

If the two surfaces B B', C C are equalfy curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re- 
lated that the rays B A, C D are incident at equal angles on 
each surface: but this is not the case when the surfaces have 
the same centre, unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- *- 
faces are used in windows and for watch-glasses, as they pro- 
duce very little change upon the form and position of objects 
seen through them. 



Refraction of Light through Curved Surfaces, 

(40). When we consider the inconceivable minuteness of 
the particles of light, and that a single ray consi^its of a suc-v 
cession of those particles, it is obvious that the small part of 
any curved surface on which it falls, and which is concerned 
in refracting it, may be regarded as a plane. The sur&ce of • 
a lake, perfectly still, is known to be a curved surface of the 
same radius as that of the earth, or about 4000 miles ; but a 
square yard of it, in which it is impossible to discover any 
curvature, is larger in proportion to the radius of the earth 
than the small space on the surface of a lens occupied by a ray 
of light is in relation to the radius of that surface. Now, 
mathematicians have demonstrated that a line touching a curve 
at any point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
A B,^^-. 25., falls upon a curved refracting surfece atB, its 

D 
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nr* ^ angle of incidence must be consideTed 

as A B D, the an^le which the ray 
A B fi)rms with a line D C, perpendic- 
ular to a line M N, which touches, or 
is a tangent to, the curved surface at 
B. In all spherical surfaces, such as 
those of lenses, the tangent M N is 
perpendicular to the radius C B of the 
sur&ce. Hence, in spherical surfaces 
the consideration of the tangent MN is unnecessary; because 
the radius C D, drawn through the point of incidence B, is 
the perpendicular from which the angle of incidence is to be 
reckoned. 

*% Refraction of Light through Spheres. 

(41.) Let M N be the section of a E^here of glass whose 
centre is C, and whose index of refraction is 1*5^ ; and let 
parallel rays, fg, 26., H R, H' R', fall upon it at equd dis- 



tances on each side of the axis 6 C F. If the ray H R is in- 
cident at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be ^perpendicum to tha 
^surface at R, and dtbw H m perpendicular to R D. Draw the 
ray R 6 r tlurough a point b found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
bRC may be 1 on the same scale on which H m is 1*500, or 
li ; then R h will be the ray as refracted by the first surface 
of the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. 

If we continue the rays R r, R' r', they will meet the axis 
at E, which will be the focus of parallel rays for a single con- 
vex surface RPR'; and the focal distance P E may be found 
by the following rule. 

RuLB for finding the principal focus of a single convex 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance, 
P £; the radius of the sui^ce, or C R, being 1. If C R is 
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given in inches, then we have to multiply the result hy that 
numher of inches. When the surface is tfaiat of glass, of which 
the index of refraction is 1*5, then the focal distance, P £, wHl 
always be equal to thrice the radius, C R. 

Round r as a centre, with a radius equal to R H, describe- 
the circle D' b' A, and, by the method formerly explained, find 
a point b' in the circle, such that b' n', the sine of the angle 
of refraction b'rn', is 1*500 or 1^ on the same scale on which 
. h m\ the sine of the angle of incidence, is 1 part, and rb'T 
will be the ray refracted at the second sur&ce. In the same 
manner we shall find r' F to be the refiracted ray correspond- 
ing to the incident ray R' r', P being the point where r b' cuts 
the axis 6 E. Hence the point F will be the focus of paral- 
lel rays fer the sphere of glass M N. 

If diverging rays fall upon the points R, R', it is quite 
clear, from the inspection of the figure, that their focus will 
be on some point of the axis 6 F more remote fix>m the sphere 
than F, the distance of their focus increasing as the radiant * 
point firom which they diverge approaches to the sphere. 
When the radiant point is as far before the sphere as F is be- 
hmd it, then the rays will be refracted into iMirallel directions^ ^ 
and the focus will be infinitely distant ^hus, if we suppose 
the rays F r, F r' to divercfe from* F, then they will emerge 
afier refraction in the parafiel directions R H, W H^ 

If converging rays fall upon the points R R', it is equally 
manifest that £eir focus will be at some point of the axis, 
G F, nearer the sphere than its principal focus F ; and their 
convergency may be so great that their focus will &11 within 
the sphere. All these truths may be rendered more obvious, 
and would be mare deeply impressed upon the mind, by tracing 
rays of difierent degrees of divergency and convergency 
through the erphere, by the methods tuready so fully explained. 

(42.) In onler to rarm an idea oi the efiect of a sphere 
made of substances of difierent refractive powers, in bringing 
parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be determined as in^^* 
26., when the substances are, 



1 IntoxoC 


f Diataca. r Q, or tk« 


•; BernKttoa. 


ftoem fton tba Bftten. 


Tabssheer . 111145 


4 inches. 


Water - 1-3358 


- 1 — 


Glofls . 1-500 


- h - 


Zircon - 2-000 


- -~ 



Hence we find that in tabasheer the distance F Q is 4 inches; 
in water, 1 inch ; in glass, half an inch ; and in zircon, nothing; 
that isi r and F coincide with Q, after a single refinction atK» 
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When the index of refraction is greater than 2*000, as in 
diamond and several other suhstances, the ray of light R r 
will cross the axis at a point somewhere between C and Q. 
Under certain circumstances the ray R r will suffer total re- 
flexion at r, towards another part of the sphere, where it wdll 
again suffer total reflexion, being carried round the circumr 
ference of the sphere, without the power of making its escape^ 
till the ray is lost by absorption. Now, as this is true of every 
possible section of the sphere, every such ray, R r, incident . 
upon it in a circle equidistant flrom the axis, G F, will suffer 
similar reflexions. 

Rule for finding the focus Y of a sphere. The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
found. Divide the index of refraction by twice its excess 
above 1, and the quotient is tlie distance, C F, in radii of the 
sphere. If the radius of the sphere is 1 incii, and its refrac- 
tive power 1*500, we shall have C F equal to 1^ inches, and 
Q F equal to half an inch. 

Refraction of Light through Convex and Concave Surfaces, 

(43.) The method of tracing the progress of a ray which 
enters a convex surface, L^ shown in fig, 26. for the ray H R, 
and of tracing one entering a concave surface of a rare me- 
dium, or quittmg a convex sur&ce of a dense ope, is shown 
for the ray R r, in the same figure. 

When the ray enters the concave surface of a dense me- 
dium, or quits a similar surface, and enters the convex surface 
of a rare medium, the method of tracing its progress is shown 
in fig, 27., where M N is a dense medium (suppose glass) 



^'-^^^:zr# 




with two concave surfaces, or a thick concave lens. Let C, C 
be the centres of the two surfaces lying in the axis C C, and 
H R, H' R' parallel rays incident on the first surface. As C R 
is perpendicular to the surface at R, H R C will be the an^le 
of incidence; and if a circle is described with a radius 
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RJ^fhtn will be the sine of that angle. From a scale on 
which hmiB 1*500, take in the compasses 1, and find some 
point, 6, in the circle where, when one fi)ot of the compasses 
IS placed, the other will fall only on one point, n, of the per- 
pendicular C R: the line R b drawn through this point will 
be the refracted ray. By continuing this ray 6 R backwards, 
it will be found that it meets the axis at F. In like manner 
it will be seen that the ray H' R' will be refracted in the di- 
rection R' r', as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surface, and may be found by the following n:de. 

Rule forfiryiing ike principal focus of a tingle concave 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance 
F E, the radius of the surface, or C E, being 1. If the radius 
C E is given in inches, we have only to multiply £ F, thus 
obtained by that number of inches, to have the value of F E 
in inches. 

If, by a similar method, we find the refracted ray r <2 at the 
emergence of the ray r b from the second surface r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r' are rendered 
still more divergent by the second surface, aiid/will be the 
focus of the lens M In. 

Refraction o/* Light through Convex Lenses. 

(44). Parallel rays. Rays of light fidling upon a convex 
lens parallel to its axis are refracted in precisely the same 
manner as those which fall upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
has an axis in every possible direction, every incident ray 
must be parallel to an axis of it ; whereas, in a lens which 
has only one axis, many of the incident rays must be oblique 
to that axis. In every case, whether of spheres or lenses, all 
the rays that pass along the axis suffer no refraction, because 
the axis is always perpendicular to the refracting surfiice. 

When parallel rays, R L, R C, R L, Jig. 28., fall upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass through without suf* 
fering any refraction, but the other rays, R L, R L, will be 
refracted at each of the surfaces of the lens ; and the refract- 
ed rays corresponding to them, viz. L F, L F, will be found, 
by the method already given, to meet at some point, F, in the 
•i^ia 

When the rays are oblique to the axis, as S L^ S L^ T L^ 

D2 
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Fig. 98. 




T L, the rays S C, T C, which pass through the centre, C, of 
the lens,- will suffer refraction at each sur^ce ; but as the two 
refractions are equal, and in opposite directions, the finally re- 
fracted rays Cf,Cf' will be pairallel to S C, T C. Hence, in 
considering oblique rays, such as S L, T L, we may regard 
lines Sf, T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L will 
be refracted to a common point, y| in the direction of the cen- 
tral ray S /J and T L, T L, to the point/'. The focal distance 
F C, or /"C, may be found numerically by the following rul^ 
when the thickness of the lens is so small that it may be 
iiefflected. 

RvLR for fiiidinff the principal focusj or the focus of parol' 
lei raysy for a glass lens unequaUy convex. Multiply the 
radius of the one surface by the radius of the other, and divide 
twice tliis product by the sum of the same radii. 

When the lens is of glass and equally convex, the focal dis- 
tance will be equal to the radius. 

Rule for the principal focus of a plano-convex lens of 
glass. With either side of the lens turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex surface. 

(45.) Diverging rays. When diverging rays, R L, R L| 
fg, 29., radiatmg from the pomt R, fall upon the double con- 
vex lens L L, whose principal focus is at O and O', their fbcua 
will be at some point F more remote than O. If R approacheti 
to L L, the focus F will recede from L L. When R comen 
to P, so that P C is equal to twice the principal focal distance 
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C O, the focus F will be at P' as fer behind the lens as the 
radiant pomt P is before it When R comes to O', the focus 
P will be infinitely distant, or the rays L F, L F will be par- 
allel ; and when R is between O' and C, the refracted rays 
will diverge and have a virtual focus before the len& The 
focus F of a glass lens, when the thickness is small, will be 
found by the following rule. 

RvTjE for finding the focus of a convex lens for diverging 
rays. Multiply twice the product of the radii of the two sur- 
faces of the lens by the distance, R C, of the'radiant point, 
for a dividend. Multiply the sum of the two radii by the 
same distance R C, and from this product subtract twice the 
product of the radii, for a divisor. Divide the above dividend 
by the divisor, and the quotient will be the focal distance, C F, 
required. 

If the lens is equally convex^ the rule will be thia Multi- 
ply the distance of the radiant pomt, or R C, by the radius of 
the surfaces, and divide that product by the dLSerence between 
the same distance and the radius, and the quotient will be the 
focal length, C F, required. 

When the lens is plano-convex^ divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. 

(46.) For converging rays. When rays, R L, R L, con- 
verging to a point /J7^. 30., fall upon a convex lens L L, they 




:r=5f';F 



will be so refifacted as to converge to a point or focus F nearer 
the lens than its principal focus O. * As the point of con- 
vergence/recedes fix>m the lens, the point F will also recede 
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from it towards O, which it just reach<» when the pointy be- 
comes infinitely distant When / approaches the lens, J?* 
also approaches it The focus F of a glass lens may be 
fi>und when the thickness is small, by the following rule : — 

'Rttlr for finding the focus of converging rays. Multiply 
twice the product of the radii of the two surfaces of the lens 
by the distance /C of the point of convergence, for a divi- 
dend. Multiply the sum of the two radii by the same dis* 
tance/C, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C F required. 

If the lens is equally convex^ multiply the distance yC by 
the radius of the surface, and divide that product by the sum 
of the same distance and the radius, and the quotient will be 
the focal length F C required. 

When the lens m pkmo^onveXf divide twice the product 
of the distance /C multiplied by the radius by the sum of 
that distance and twice the radius, and the quotient will be 
the focal distance F C required. 

Refraction of Light through Concave Lenses, 
(47.) Parallel rays. Let L L be a double concave lens, an J 
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R L, R L parallel rays incident upon it ; these rays will di- 
verge after refraction in the directions L r, L r, as if they 
radiated from a point F, which is the virtual focus of the lena 
The rule for finding F C is the same as for a convex lens. 
(48.) Diverging rays. When the lens L L receives the 

Fig. 22. 
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mya R L» R L diverging (torn R, they will be refraeted into 
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lines, L r, L r, diverging from a &cus F, more remote from 
the lens than the principal focus O, and the focal distance, 
F C, will he fbnnd by the following rule : — 

RuLK for finding the focus of a concave lens of glass., for 
divergwig rays. Multiply twice the product of the radii by 
the distance, R C, of the radiant point £>r a dividend. Mul- 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, for a divisor. Divide the divi- 
dend by the divisor, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point b^ the radios, and divide 
the product by the sum of the same distance and the radius^ 
and the quotient will be the focal distance. 

When the lens is plano-concave, multiply twice the radius 
by the distance of the radiant point, and divide this product 
by the sum of the same distance and twice the radius ; the 
quotient will be the focal distance. 

(49). Ckmverging rays. When rays, R L, R L, fig. 33., 
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converging to a point f fall upon a concave lens, L L, they 
will be re&acted so as to have their virtual focus at F, and the 
distance F C will be found by the rule given for convex lenses. 
The rule for finding the focus of converging rays is exactly 
the same as that for diverging rays in a double convex lens. 

When the lens is plano-concave, the rule for finding the 
focus of converging rays is the same as for diverging rays on 
a plano-convex lens. 

Refraction of Light through Meniscuses and ConcawHxnif 

vex Lenses of Glass. 

(50.) The general effect of a meniscus in refracting paral- 
lel, diverging, and converging rays, is the same as that of a 
convex lens of the same focal length ; and the general effect 
of a concavo^onvex lens is the same as that of a concave lens 
of the same focal length. 

Rule ybr a menisctis with parallel rays. Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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Rmoifor a meniscus wkk dboerging rays. Multiply twice 
the distance of the radiant point by the prodact of the two 
radii for a dividend. Multiply the difference between the two 
radii by the same distance of the radiant point, and from this 
product take twice the product of the radii for a divisor.* Divide 
the above dividend by this divisor, and the quotient will be the 
&cal distance required. 

The truth of the preceding rules and observations is ca- 
{>able of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demon- 
stration of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays after refrac- 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direct experiment with the lenses themselves. 



v/ CHAP. V. 

ON THE FORMATION OF IMAGES BT LENSES, ANP ON THEIR 

MAGNIFYING FOWBR.'" 

(51.) We have already described, in Chapter II., the prin- 
ciple of the formaticm of images by small apertures, and by 
the convergency of rays to foci by reflexion from miirora 
Images are Ibrmed, by refraction, by lenses in the very same 
manner as they are formed, by reflexion, in mirrors ; and it is 
« universal rule, that when an image is formed by a convex 
lens, it is inverted in position relatively to the position of the 
object, and its magnitude is to that of the object as its distance 
from the lens is to the distance of the object from the len& 

If M N is an object placed before a convex lens, L Ihfig' 
84., every point of it will send forth rays in every direction. 
Those rays which fall upon the lens L L will be refracted to 
foci behind the lens, and at such distances from it as may be 
determined by the Rules in the last chapter. Since the focu9 
where any point of the object is represented in its image is in 
the straight line drawn from that point of the object Uirough 
the middle point C of the lens, the upper end M of the object 
will be represented somewhere in the line M C m, and the 
lower end N somewhere in the line N C n, that is, at the 
■ ■ I ' I I ' ' ■ ■ ' 111 » ■ ■ I ^ 

See, in the College edition. Appendix of Am. ed. ckap. iv. 
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Sints m, n, where the rays Lnt,LiR,Ln, Ln cmm the Imes 
C m, N C n. Hence m will represent tiie upper, and n the 
lower end of the object M N. It is also evident, that in tho 
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two triangles M C N, m C n, m n, the length of the image 
must be to M N the length of the object as C m, the disftance 
of the image, is to C M, the distance of the object fiom the 
lens. 

We are enabled, therefore, by a lens, to ferm an image of 
an object at any distance behind the lens we please, greater 
than Its principal focus, and to make this image as large as 
we please, and in any proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these efiects we can vary still forther, by using 
lenses of different focal lengths or distances. 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its surface. If a lens has an area of 12 square 
inches, it will obvbusly intercept twice as many rays proceed- 
ing from every point of the object as if its area were only 6 
square inches ; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of the image by using a larger 
len& 

(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or stucco, or some smooth and white 
surface on which a picture of it is distinctly formed ; bbt if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of whose sides is covered with a dried 
film of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed atmn^ 
we shall see the inverted image m n as distincuy as before. 
if we keep the eye in this position, and remove the semi- 
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transparent ground, we shall see an image in the air distinctly 
and more bright than before. The cause of this will be readily 
understood, if we consider that all the rays which form by 
their convergence the points w, n of the image m n, cross one 
another at m, n, and diverge from these points exactly in the 
same manner as they would do from a real object of the same 
size and brightness placed in m n. The unage m n therefore 
of any object may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly of tlie same size and in the 
same place as it would have been had m n been a real objecL 
But since the new image of mn must be inverted, this new 
image will now be an erect image of the object M N, obtained 
by 3ie aid of two lenses ; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movsile one, and within our 
reach, it is unnecessary to use two lenses to obtain ad erect 
image of it: we have only to turn it upside down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in magnifying 
objects and bringing them near us, or rather in giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appears when placed at different distances 
from the eye. If an eye placed at E looks at a man a b, fig, 
35., placed at a distance, his general outline only will be seen. 

Fig. 25. 



and neither his age, nor his features, nor his dress will be re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distaiice of a 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe tlie 
minutest lines upon his skin. At the distance E b the man 
is seen under the angle Z> E a, an(l at the distance E B he is 
seen under the greater angle B E A or 6 E A', and his appa- 
rent magnitudes, a 6, A' 6, are measured in those different 
positions by the angles 6 E a, B E A, or & E A'. The appa- 
rent magnitude of uie smallest object may, therefore, be equal 
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to the apparent magnitude of the greatest The head of a 
pin, for example, may be brouight so near the eye that it will 
appear to cover a whole momitain, or even the whole visible 
Bumce of the earth, and in this case the apparent magnitude 
of tiie pin's head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let us now suppose the man a ft to be pUuced at the dis* 
tance of 100 feet nom the ej^e at £, and that we place a con- 
vex glass of 25 feet focal distance, half-way between the ob« 
ject a b and the eye, that is 60 feet firom each ; then, as^e 
have previously shown, an inverted image of the man will be 
formed 50 feet behind the lens, and of the very same size as 
&e object, that is, six foet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man had been 
brought nearer from the distance of 100 feet to the distance 
of 6 inches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is^eatly increased, in 
the proportion nearly of 6 inches to 100 reet, or of 200 to 1. 

But i^ instead of a lens of 25 feet focal length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate foci may be 
at the distance of 20 and 80 feet from the lens, that is, that 
tiie man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
hnage will see it with the greatest distinctness. I^w in 
this case the image is magnified 4 times directly by the lens, 
and 200 times 1^ being brought 200 times nearer tiie eye ; 
so that its apparoit magnitude will be 800 times as large as 
before. 

1£, on the other hand, we use a lens of a still smaller focal 
length, and place it in such a position between the eye and 
the man, that its conjugate foci may be at the distance of 75 
and 25 feet from the lens, that is, that the man is 75 feet be- 
fore the lens, and his image 25 feet behind it, then the size of 
the image will be only one third of the size of the object ; 
but though the image is thus diminished three times in size, 
yet its apparent mafifuitode is increased 200 times by bein^ 
brought within 6 inches of the eye, so that it is still magni- 
fied, or its apparent magnitude is increased ^f ^, or 67 times, 
nearly. 

At distances less than the preceding, where the focal 
length of the lens forms a considerable part of the whole 

E 
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tance, die rate fbt findiog the mBgni^iiig power of a lenn^ 
idien the eye views, at the distance of 6 inches^ the ima^ 
feraied by the lens, is aa follows. From the distance betwe^i 
the image and the object in feet, subtract the focal distaoco 
of the lens in feet, and divide the remainder by the same focal 
distance. By this quotient divide twice the distance of th6 
object in feet, and the new quotient will be the magnifying 
power, or the number of times that the apparent magnitudo 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as it is in most 
cases, the rule becomes thia Divide the focal length of the 
lens by the distance at which the eye looks at the ima^ ; oi^ 
as the eye will generally look at it at the distance of 6 mcfaofl^ 
in order to see it most distinctly, divide the &cal length by 6 
inches; or, what is the same thing, double the focal length in 
feet, and the result will be the magni^ing power. 

(54.) Hore, then, we have the principle of the simplest 
telescope ; which consists c^ a lens, whose focal length ei> 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
lens. When the eye is pkced at the other end of the tube, 
it Wl see an inverted image of distant objects, magnified ia 
proportion to the focal lengm of the lens. If the lens has a 
focal length of 10 or 12 feet, the. magnifying power will be 
from 20 to 24 times, and the satellites of Jupiter will be difr 
tinctly seen through this single lens telescope. To a very 
shortHBighted person, who sees objects distinctly at a distance 
of three inches, the magnifying power would be fixnn 40 to 48. 

A single concave mirror is, upon the same principle, a rer* 
fleeting telescope, for it is of no conse<iuence whether the 
image of the object is,formed by refraction or reflexion^ In 
this case, however, the image m n, fig, 14., cannot be looked 
at without standing in the way of the object; but if the re- 
flection is made a little obliquelv, or if the mirror is sufficiently 
large, so as not to intercept all the light &om the object^ it may 
be employed as a telescope. By using his great mmror, 4 feet 
in diameter and 40 feet in focal length, in the way now men* 
tioned, Ih*. Herschel discovered one of the satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are within 
our reach, which is of great importance in optics. It will be 
proved, when we come. to treat of vision, that a good eye sees 
the visihle outline of an object very distinctly when it is 
placed at a great distance, and that, by a particular power in 
the eye, we can acepmmodate it to perosive objects at d^fer* 



OHAP. V* MAGNIFYING FOWXK OF SENSES. 61 

ent distances. Hence, in order to obtain distinct viskm of 
any object, we have only to cause the rays which proceed 
from it to enter the eye in paralld lines, as if the object 
itself was very distant Now, if we bring an object, or the 
image of an object, very near to the e^re, so as to give it great 
apparent magnitude, it becomes indistinct ; but if we can, by 
any contrivance, make the rays which proceed from it enter 
the eye nearly parallel, we sfanll necessarily see it distinctly. 
But we have already shown that when rays diverge from the 
focus of any lens, they will emerge from it paraQel. If we, 
therefore, place an object, or an image of one, in the fecus of 
a lens held close to the eye, and having a small focal diatance, 
the rays will enter the eye parallel, and we shall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present short distance from the eye to the distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens,, so 
that the magnifying power produced by the lens will be equal 
to six inches divided by the focal length of the lens. A lens 
thus used to look at or magnify any object is a single micro- 
scope; biA when such a lens is used to magnify the magnifi- 
ed iinage produced bv another lens, the two lenses tog^her 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope firom a distant object, the two 
lenses together constitute what is called the astronomical re- 
Jracting telescope; and when it is used to magnify the 
image produced by a concave mirror from a distant object, the 
two constitate a reflecting teUsscope, such as that used by Le 
Maire and Herschel : and when it is used to magnify an en- 
larged image, M N, flg. 14., produced from an object m In, 
placed before a concave mirror, the two constitate a r^fie^ 
ing microscope. All these instruments will be more fuHy 
described in a future chapter. 



CHAP. VL 

8PHSRI0AL ABEBAATION OF LENSES AKD MDUIORS.* 

(55.) In the preceding chapters we have supposed that tho 
rays re&acted at spherical surfaces meet exactly in a focus f 
but this is by no means strictly true : and if the reader has in 
any one case projected the rays by the methods described, he 

* F^r a diaeuflsion of these sabjects, see (in the college edition) tb$ Ap- 
pendix of Aja. ed. chap. v. 
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most have seen that the rays nearest the axis of a spherical 
mzface, or of a lens, are refracted to a focus more remote 
from the lens than those which are incident at a distance from 
the axis of the lens. The rules which we have given for the 
feci of lenses and surfaces are true for rays very near the axis. 
In order to understand the cause of spherical aberration, let 
L L be a plano-convex lens one of whose surfaces is spherical, 
and let its plane surface L m L be turned towards parallel 
rays R L, R L. Let R' L', R' L' be rays very near the axis 
AF of the lens, and let F be their focus after refraction. Let 
R L, R L be parallel rays incident at the very margin of the 
lens^ and it will be found by the method of projection that the 
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corresponding refracted rays Itf, L/ will meet at a point/ 
much nearer the lens than F. In like manner intermediate 
lays between R L and R' L' will have their foci intermediate 
between /and F. G)ntinue the rays L/ L/ till diey meet 
at G and H a plane passing through F, and perpendicular to F A. 
The distance /F is called the Umgitudinal spherical t^)erra- 
tum^ and G H the lateral spherical aberration of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration/F is no less than 4| times m n the 
thickness of the lens. It is obvious that such a leas cannot form 
a distinct picture <^any object in its focus F« If it is exposed 
to the sun, the central part of the lens JJm.U whose focus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays wiU, 
after arriving at those points, pass on to the plane G H, and 
occupy a circle whose diameter is G H ; hence 
the una^ of the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
by .a broad halo of light growing fainter and 
fainter from F to G and H. In like manner, 
every object seen through such a lens, and 
every image formed by it, will be rendered 
confused and indistinct by spherical aberration. 
These results may be illustrated experimentally by taking 
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a rinff of black pap», and covering up tlie cuter pearts of the 
-fiioe L L of the l^ia This will diminiBh the halo G H, end 
the indistinctiiess of the image, and if we cover up all the 
lens excepting a small part in the centre, ttie image will he- 
come perfectly distinct, though leas bright than before, and tfae 
focus will be at F. I( on the cootnuy, we cover up all tibb 
central port, and leave only a narrow ring at the circumib- 
renee of the lens, we shall have a very distinct image of tiiB 
sun fonned aboutjfl 

(56.) If the reader will draw a very large diagram of a 
plano-convex and of a double convex lens, and determine the 
refracted rays at different distances from the axis where par- 
allel rays fall on each of the surfiices of the lens, he will be 
able to verify the following results fiir glass lenses. 

1. In a plano-canvex lens, with its plane side turned to par- 
allel rays as rnfig, 36., that is, turned to distant objects if it is 
to form an imaae behind it, or turned to the eye if it is to be 
used in magnifying a near object, the spherical aberration will 
be 4^ times the thickness, or 4^ times m n. 

2. In a plano-c&nvex lens, with its convex side turned to- 
wards parallel rays, the aberration is only l^ths of its thick- 
ness. In using a plano-convex lens, therefore, it should always 
tie BO placed that parallel rays either enter the convex surface 
or emerge from it 

8. In a double convex lens with equal convexities, the aber- 
ration is ly^tbs of its thickness. 

4 In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays; 
and the same as the plano-convex lens in Rule 2, if the side 
whose radius is 2 is turned to parallel ray& 

5. The lens which has the least spherical aberration is a 
double convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays, the aberra- 
tion is only Ipjjyths of its thickness ; bat when the side with 
the radius 6 is turned towards parallel rays, the aberration ia 
Sixths of its thickness. 

These results are equally true, of plano-concave and double 
conclave lenses. 

If we suppose the lens of least spherical aberration to have 
its aberration equal to 1, the aberrations of the other lenses 
will be as follows : — 

Best form, as in Rule 5. . • 1*000 

Double convex or o(meave, with equal curvatures . 1*561 
Plano-convaz or concave in best position, as in Rule 2. 1*093 
Plano-convex or concave in worst position, as in Rule 1. 4*206 

E2 
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(57.) As the central parts of the lens L L»^^. S6., refract 
the rays too little, and the marginal parts too much, it is evi> 
dent that if we could increase Ste convexity at n and diminish 
it ^pndually towards L, we should remove the epherical aber- 
ration. But the ellipse and the hypefbda are curves of this 
idnd, in which the curvature diminishes from n to L; and 
mathematicians have shown how spherical aberration may be 
enturely removed, by^ lenses whose sections are ellipses or hy* 
perboLiis. This cunous discovery we owe to Descarte& 




If A L D L, fi)r example, is an ellipse whose greater axis 
A D is to the distance between its foci F,^as the index of re- 
fraction is to unity, then parallel rays R L, R L incident upon 
tiie elliptical sur&ce L A L will be refracted by the single 
action of that sur&ce into lines, which would meet exactly in 
the focus F, if there were no second surface intervening be- 
tween L A L and F. But as every useful lens must have two 
sm^ces, we have only to describe a circle hah round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the sur&ce L A L converge accurately to F, and 
as the circular surface L a L is perpendicular to every one of 
the refracted rays, all these rays will go on to F without suf- 
fering any refraction at the circular sumce. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose C(»icave sur&ce is part of any spherical sur&ce 
whose centre is in the &rther focus, will have no spherical 
aberration, and will refract parallel rays incident on its convex 
surface to the &rther focus. 

In like manner a concavo-convex lens, L L^ whose concave 

Fig. 39. 
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8ur&ce L A L is part of the eUipsoid A L D L» and whose 
ooBvez Buribce lal'iB a circle described round the fiutber 
fecus of the ellipse, will cause parallel rays R L, R L to di- 
vem in directions L r, L r» which when continued liackwards 
will meet exactly in the focus F, which will be its virtual 
fecua 
If a plano-coiiyeK lens has its oonvex sarfboe, L A L> part 




of a hyperboloid formed by the revolution of a hyperbola whose 
greater axis is to the distiince between the foci as unity is to 
Uie index of refraction ; then parallel rays, R L, R L, filing 
perpendicularly on the plane surface will be refracted without 
aberration to the fiurthw focus of the hyperboloid. The same 
property belongs to a plano-concave lens, having a similar 
hyperbolic surSice, and receiving parallel rays on its plane 
surface. 

A meniscus with spherical surfaces has the property of re- 
fracting all converging rays to its focus, if its nrat surface is 

jr^.41. 




convex, provided the distance of the pomt of conveivenoe cr 
divergence from the centre of the first surfiice is to the radius 
of the first surfiice as the index of refraction is to unity; 
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ThtM^ if M L L N w 1 metuECUBi and R L, R L ayi eonveiv> 
ing to the pobt E, whose distaaoe E C frotn the centre of too 
first, aatfaie L A L of the meniacus is to tlie radius C A or 
C Las the index of refraction ia to unity, that ia b£ 1-500 to 1, 
in elaaa ; tbeD if F is the foeua of the first air&oe, descrflve 
with any radiua less than F A a circle M a N fbr the secoDd 
Bor&ce of the lem. Now it will be fbiud by prqjeetiiKi that 
the ravB R L, R I., whether near the axie A E or remote from 
it, will be refracted accurately to the locus F, and as all these 
rays liill perpendicularly on the second surlace, they will 
still pas9 on without refraction to the fbcua F. In like manner 
it is obvious that rays F I, F L diverging' from F will be re- 
fracted into R L, R If which divergn accurately froca the vir- 
tual focua 

When these properties of the ellipse and hyperbola, and of 
the solids genelited by tiieir revolution, were first discovered, 
philosophers exerted tJl their ingenuity in grinding and polish- 
ing lenses with elliptieel and hyperbolical sur&ces, and varioua 
ingenious mechajiical contrivances were proposed for this pur- 
pose. These, however, have not succeeded, and the practical 
difficulties which yet require to be overcome are so great, that 
lenses with spherical surfaces are the only ones now in usa 
for optical instruments. 

But though we cannot remove or diminish the spherical 
aberration of single lenses beyond l^J,tha of their thickneffi, 
yet by combining two or mae lenses, and making opposite 
aberrations correct each other, we can remedy this defect to ft 
"very considerable extent in some cases, and in other cases re- 
f move il altogether. 

* (56.) Mr. Herschel has shown, that if two plano-convex 

lenses A B, C D, whose focal lengths are as 2-3 to L, are placed 

with their convex ^es together, A S the least convex being 

Dext the eye when the comtanation is to be used as a micro- 

KOpe, the td)erraticin'wiU be only 0-S48, or one fourth of that 

— ^ ^ of a single lens in its best form. 

When &a lens is used to form aa 

ima^, ABmust~be turned to the 

object If the focal lengtlis of the 

two lenses are equal, the spherical 

' aberration will be IH!03, or a little 

more than one-half of a single lens 

in its best form. 

Mr. Herschel has ajso shown that 

the spherical aberration may be 

wholly remoeed by combining ft 

maniscos C D with a double convex lens A B, aa in Jl^«.43. 

and 44., the lens A B being turned to the eye when it is iised 



ymkmteope, aod to the object vhen it ia to be taad fa 
ming inugei, <» aa & bonuDg^loM. 



^ 



The iotlavbig ue the ndii of cnrratare {tx these lenses, 
■a computed W Mr. Heracbel ; the fint auppoaea, aa a. condi- 
tion, that the Kictd lei^th cf the ccmpoand lem Aail be aa 
near lO'OOO aa ia consistent with correcting the abemtiDo ; 
and the seccaid, that the same tool length ahaU be the least 
poteible: — 

Fw^lm^ of the doubk convex ) ^ ^^^^ ^ jp^j^g 

Radius of its first or enter surface + 5-833 + 5-833 
Radius r^ its second aurtkce . . — 36O00 — 35-000 
Focal length of the meniscus C D + 17-SS9 + M97 
Radius of its first snrlace . . . + 8-688 + 2-094 
Radius of its second snrfkce . . -j- 6-S91 + 8-128 
Focal length of the compound lens + 6407 + 8-474 



SpherioiU AberratUm of Jffiirori: 



(59.) We have alraadj stated, that when parallel nyn, A M, 



, 9 incident 

ftacted to the «une focus, 

neai the axis, AD. If F ie the focus of 

Kg. 13. 




ui^ ioeh as A m, then the focus of tbooe nxne reraote, meh 
■a A M, will be at / betwera F and D, and/F will be the 
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. iongitndiaal spherical abenation, which will obvioosly Inereaise 
wi& the diameter of the mirror when its carvatore remains 
the same, and with the curvature when its diameter is con- 
stant The imaged, therefore, formed by mirrors will be in- 
distinct, like those formed by spherical lenses^ and the indis- 
tinctneis^ will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, A D, and another line, 
yjtf drawn &om M to a fixed point, f, should always £>nn 
equal angles with a line, C M, perpendicular to the curve 
M N, we should in this case have a sur^e which would re- 
flect parallel rays exactly to a focus f, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we could construct munors of such a form that 
their section M N is a paiohola, they would have the invaluor 
ble property of reflecting parallel rays to a single focu& 
When the curvature of the minror is very small, opticiuis 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicable to give it this figure. 

In the same manner it may be sbown, that when divergin^^ 
rays fall upon a concave mirror of a spherical form, they wiU 

; be reflected to different points of the axis; and that if asur- 
fiice could be formed so that the incident and reflected rays 

'' should form equal angles with a line perpendicular to the sur- 
fiice at the point of incidence, the reflected rays would all 
meet in a single point as their focus. A sur&ce whose sec- 
tion is an ellipse has this property ; and it may be proved 
that rays diverging from one focus of an ellipse will be re- 
fleeted accurately to the other focu& Hence in reflectmg 
microscopes the mirror should be a portion of an ellipsoid ; 
the axis of the mirror beinff the axis of the ellipsoid, and the 
object being placed in the focus nearest the mirror. 

On CknuHe Curves formed by Reflexion and RefiracHon.* 

(60/) Caustics formed by reflexion. — ^As the rays incident 
on different points of a reflecting surfiice at dififerent disbmces 
from its axis a're reflected to tlifierait foci in that axis, it is 
evident that the rays thus reflected must cross one another at 
particular points, tmd wherever the rays crosd they will illu- 
minate the white groimd on which uiey are received with 
twice as much light as fldls on other parts of the ground. 
These luminous intersections form curve lines, called caustic 
lines or caustic- curves ; and their nature and form will, of 

' ■ ' • p. : ^ 

* 8M(iii the Collqi« edition) tbe Appendix of Am. ed. chapi ▼. 
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conpn, yaif with the aperture <f tbe miira, ud the ii/aaao 
of the Tadiont point. 

In ordei to expbin their made of fbnukliMi sad r^eisl 

properties, let MBN be a concave ipfa«ric&l mirror, ^. 46.. 

whoM centre is C, and whose fbcoa for parallel and centzal 

rig.K. 



nyi is F. Let R M B be a diverging heam of light &Uing 
OD the Dpper pan, M B, of the minor at the points 1, 2, 8, 4, 
&X. If we draw lines perpendicular to all tbeEe pcanla fiom 
the eentre C, and make the Angles of reflexton equal to the 
angles of incidence, we ahail, obtain the directions and tbci of 
all the reflected raya. The ray R 1, near the asie R B, will 
have its conjiuate focus at f, between F and the centre C. 
The next raj, R 2, will cut the axiis nearer F, and so on with 
all the rest, the foci advancing ftoca / to B. Bj drawing aJl 
the reflected ra^ to these foci, the; will be ibu:^ to intersect 
one another as m the figure, and to Ibnn 'by their intersectiona 
the eauttie curve M/ If the light had also been incident 
OD the lower part of the mhror, a similar caastic shown W a 
dotted line would also have been formed between N txta.f. 
If we Bupppee, therefore, the pobt of incidence to move from 
M to B, the conjugate locua of anj two ccmtiguous raye, or 
an infinitely slender penxiil diyergtng &om R, vnH move along 
the caustic from M to /. 

Let us now suppose the conv ey surfece M B N of the mir- 
ror to be polished, and the radiant point R to be [Jsccd as tar 
to the right hand of B as it is now to the left, it will be found, 
iy drawmg the incident and reflected nye, that they will di- 
verge after r^exion; and that when conUniled bitc^mwdlf 
^y will intertect one another, and tbim u soaginary miutic- 
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ntnittod bdiiiid the convex snrtkee, and aimiliir to tlie real 
caustic 

If we gappose the convex mirror M B N to Iw completed 
round the eune centre, C, aa at M A N, and the pencil of 
nya itill to radiate &tim R, the; will form the imaginaTy 
cauatic tSf'N amaller than M/N, and unitm^ with it at 
the pMniB M, N. 

Let the radiant point R be now aoppoeed to recede from 
tfie mirror M B N, the line B^ which la called the tattgent 
rfthe real caustic M/N, will obviously diminish, because 
the conjugate focus / will approach to F ; and, for the asJoe 
reason, the tangent A /■ of the imaginary caustic will in- 
crease. When R becomes infinitely distant, and the incident 
rays paiallel, the points J^f, called the cutpi of the caustic. 
Will Doth coincide with F and F', the principal foci, and will 
have the veiy same aize and form. 

Bat if the radiant point R apfmiacbea to the mirror, ths 
cnap / of the real caustic will ai^roach to the centre G, and 
the tangent B / will increase, the cusp f d* the imaginary 
caustic will approach A, and its tangent Ay*', wilt diminiah ; 
and when the radiant point arrives at the circmnterence at A, 
the cusp J' will also arrive at A, and the imaginary caustic 
will diaam>ear. At the same time, the cusp / of the real 
caustic will he a little to the ri^t of C, and its two oppadta 
•ununilB wiU meet in the radiant point at A. 

If we auppoee the radiant point R now to enter within the 

eircle A M B N, aa diown in fig. 47., so that R C is le« than 

ng. 47. 



t 



CRAP. VI. 



CAUSTIC CURVES. 



61 



ar, br, having their common cusp at r, and of two long 
branches, af, bf, which meet in a focus at f. When R C is 
greater than R A, the curved branches that meet at f behind 
the mirror will diverge, and have a virtual focus within the 
mirror. When R coincides with F, a point half-way between 
A and C, and the virtual principal focus of the convex mirror 
MAN, these curved branches become parallel lines; and 
when R coincides with the centre C, the caustics disappear, 
and all the light is condensed into a single mathematical point 
at C, from which it again diverges, and is again reflected to 
the same point. 

In virtue of the principle on which these phenomena de- 
pend, a spherical mirror has, under certain circumstances, the 
paradoxical property of rendering rays diverging frtm a fixed 
point either parallel, diverging, or converging ; that is, if the 
radiant point is a little way within the principal focus of a 
mirror, so that ra3rB very near the axis are reflected into par- 
allel lines, the rays which are incident still nearer the axis 
will be rendered diverging, and those incident farther from 
tiie axis will be rendered converging. This property may be 
distinctly exhibited by the projection of the reflected rays. 

Caustic curves are frequently seen in a very distinct and 
beautiful manner at the bottom of cylindrical vessels of china 
or earthenware that happen to be exposed to the light of the 
sun or of a candle. In these cases tne rays generally fall too 
obliquely on their cylindrical surface, owing to their depth; 
but this depth may be removed, and the caustic curves beau- 
tifully displayed, by inserting a circular piece of card or 
white paper about an inch or so beneath their upper edge, or 
by Min? them to that height with milk or any white and 
opaque nuid. 

The following method, however, of ex- 
hibiting caustic curves I have found ex- 
ceedingly convenient and instructive. Take 
a piece df steel spring highly polished, such 
as a watch-spring, M N, Jig. 48., and hav- 
ing bent it into a concave form as in the 
figure, place it vertically on its edge upon 
a piece of card or white paper A S. Let 
it then be exposed either to the rays of 
the sun, or those of any other luminous 
body, taking care that the plane of the 
card or the paper passes nearly through 
the sun ; and tlie two caustic curves shown 
in the figure will be finely displayed. By 
varying the size of the sprmg, and bending 
P 
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it into curves of different shapes, all the variely of caustics^ 
with their cusps and points of contrary flexure, will be finely 
exhibited. The steel mtiy be bent accurately into different 
curves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or burned 
suf&ciently deep in the wood to allow the edge of the thin 
strip of metal to be inserted in it Gold or silver foil answers 
very well ; and when the light is strong, a thin strip of mica 
will also answer the purpose. The best substance of all, 
however, is a thin strip of polished silver. 
^\\JL ^ 'i C^^*) Caustics formed by refraction. If we expose a 
' globe of glass filled with water, or a solid spherical lens, or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
h /) fig. 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point /, which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of ra^s, which, being incident on the sphere 
at different distances Kom the axis, are refracted to foci at di& 
ferent points of the axis, and therefore cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, by projecting the refracted rays, that it is unneoea- 
0ary to say any more on the subject 

Some of the phenomena of caustics produced by refraction 
mav be illustrated experimentally in the following manner ;-^ 
Take a shallow cylindrical vessel of lead, M N, two or three 
inches in diameter, and cut its upper margin, as shown in the< 
figure, leaving two opposite projections, ac, bd, forming each 
about 10° or 15® of the whole circumference. Complete the 
circumference by cementing on the vessel two jstrips of mica, 

so as to substitute for the lead that has 

^* * been removed two transparent cylin- 

■^F-^-— ^ . ^ drical sur&ces. If this vessel is filled 

with water, or any other transparent 
fluid, and a piece of card or white 
paper, A B C JD, is held almost paral- 
lel to the surface of the water, and 
having its plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
finely displayed. By altering the curvature of the vessel, 
and that of the strips of mica, many interesting variations of 
th« experiment may be made. 
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(62.) Physioal Optics is that branch of the science which 
treats of the physical properties of light These properties 
are exhibited in the decomposition and recomposition of white 
light; in its decomposition by absorption ; in the inflexion or 
difSraction of light ; in the colors of thick and thin plates ; and 
in the double re&action and polarization of light 



CHAP. vn. 

ONTHB COLORS OF UOBT, AND ITS DECOMPOSITION. 

(63.) In the precedin£f chapters we have regarded L'ght as 
a simple substance, all me parts of which had the same index 
of refraction, and therefore sufiered the same changes when 
acted upon by transparent media. This, however, is not its 
constitution. White light, as emitted &om the sun or from 
any luminous body, is composed of seven different kinds of 
light, viz., red, orangey yellow, green, blue, indigo, and violet ^ 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementary par^s, by two different pro* 
cesses, viz., by refraction and absorption. 

The first df these processes Was that which was employed 
by Sir Isaac Newton, who discovered the composition of^ white 
light Having admitted a beam of the sun*s light, S H, 
through a small hole, H, in the window-shutter, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now interpose a prism, BAG, 
whose refracting angle is B A C, so that this beam of light 
may fall on its first snr&ce CA, and emerge at the same 
angle from its second surface B A in the direction g G, and if 
we receive the refracted beam on the opposite waQ, or rather 
on a white screen, M N, we should expect, from the principles 
already laid down, that the white beam which previously fell 
upon P would suffer only a change in its direction, and &]1 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But this is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 
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bmm oT light diverging from its emergence out of die ptiBm 
at ^, wk' bein? bounded by the lines y K, g L. This length- 
enSt iruBge of the sun is called the solar speclrum, or the 
jtritnMic ipectrum. If the aperture H is small, and the dia,' 
taiH!e g G considerable, the colors of the spectrum will be very 
bright The lowest portion of it at L is a brilliant red. Thig 
led shades off by imperceptible gradations into orange, the 
orange into yeUom, the yellow into^een, the green into blue, 
the Mtie into a pure iTimgo, and the indigo into a violet. No 
lines are seen across the spectmm thus produced; and it is 
eitremeiy difficult ibr the sharpest eye to point out the bound- 
ary of the different colors. Sir Isaac Newton, however, hy 
many trials, found the lengths of the colore to be as followo, 
in ti>e kind of elaas of which his prism was made. We have 
added the resuUs obtained by Fraunhofer with flint glass. 

Red '45 56 

Oranye 27 27 

YcUow 48 27 

Green 60 46 



Indigo 
Violet 



Total length 
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These colors are not equally brilliant At the lower end, L, 
of the spectrum the red is comparatively feint, but grows 
brighter as it approaches the orange. The light increases 
gradually to the middle of the yellow space, where it is 
brightest; and from this it gradually declines to the upper or 
violet end, K, of the spectrum, where it is extremely mmt 

(64.) From the phenomena which we have now described, \ 
Sir Isaac Newton concluded that the beam of white light, S,^ 
is compounded of light of seven different colors, and tnat for 
each of these different kinds of light, the glass, of which his 
prism was made, had different indjices of ren-action ; the index 
of refraction for the red light being the least, and that, of the 
violet the greatest 

If the prism is made of crown glass, for example, the in- 
dices of re&action for the different colored rays will be as fol- 
lows : — 



Index «r 
Sefractloa. 



|adMC«r 

Bcfractloa. 



Blue 1*5360 

Indigo ...... 1.5417 

Violet ....... 1*5466 



Red 1-5258 

Orange 1-5268 

Yellow 1-5296 

Green ...... 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the refracted rays, supposed to be in^ 
cident upon the same point of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find them to diverge as in the preceding figure, and to 
form the different colors in the order of those in the spectrum. 

In order to examine each color separately. Sir Isaac made 
a hole in the screen M N, opposite the centrebof each colored 
space; and he allowed that particular color to fell upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as before, and was not refi'acted into any other colors. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light homO' 
geneous, or simple, white light being regarded as heteroge-' 
neous or compound. This important doctrine is called the 
different refrangibility of the rays of light. The di^rent 
colors as existing in the spectrum are called primary colors ; 
and any mixtures or combinations of any of tnem are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light. Sir Isaac also proved, experimentally, tiiat all the 
seven colors, when again combined and made to fell upon the 
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same spot, fi>nned or recomposed white light This important 
truth he established by various experiments ; but the following 
method of proving it is so satisfactory, that no farther evidence 
seems to be wanted. Let the screen M N,^^. 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
B A C. the spectrum K L will gradually diminish ; but though 
the colors begin to mix, and encroach upon one another, yet, 
even when it is brought close to the lace B A of the prism, we 
shall recognize the separation of the light into its component 
colors. If we now take a prism, B a A, shown by dotted lines, 
made of the same kind of glass as 6 A C, and naving its re- 
fracting angle A B a exactiy equal to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seven differently colored 
rays which fall upon the second prism, A B a, are again com* 
bined into a single beam of white light ^ P, forming a white 
circular spot at P, as if neither of the prisms had been inter- 
posed. The very same efiect will be produced, even if the 
sur&ces, A B, of the two prisms are joined by a transparent 
cement of the same refractive power ajs the glass, so as to re- 
move entirely the refractions at the common sur&ce A R In 
this state the two prisms combined are nothing more than a 
thick piece of glass, B C A <z, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction of the first surface, A C, is counteracted by the oppo- 
site and equal refiraction of the second surface, a B ; that is, 
the light decomposed by the first sur&ce is recomposed by the 
second surface. The refraction and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of ^lass, and 
making a narrow beam of the sun's light fall upon it very ob- 
liquely. The spectrum formed by the action of the first sur- 
face will be distinctly visible, and the re-union of the colors 
by the second will he equally distinct We may, therefore, 
consider the action of a plate of parallel glass on the sun's 
rays, that is, its property of transmitting them colorless^ as a 
sufficjent proof of tie recomposition of light 

The same doctrine may be illustrated experimentally by 
mixing together seven different powders having the same 
colors as those of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored space. 
The union of these colors will be a sort of grayish-white, be- 
cause it is impossible to obtain powders of Sie proper colonk 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size as the colored 
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spaces; and when this circle is made to reyolve rapidly, the 
effect of all the colors when combined will be a grayish-white. 

Decomposition oflAght hy Absorption, 

(66.) If we measure the quantity of light which is reflected 
from the sur&ces and transmitted through the substance of 
transparent bodies, we shall find that the sum of these quan- 
tities is always less than the quantity of light which falls 
upon the body. Hence we may conclude that a certain por- 
tion of light is lost in passing through the most transparent 
bodies. This loss ai^ises from two causea A part of the light 
is scattered in all directions by irregular reflexion from the 
imperfectly polished sur&ce of particular media, or from the 
imperfect union of its parts ; while another, and generally a 
greater portion, is absorbed^ or stopped by the particles of the 
body. Colored fluids, such as black and re«i ink, though 
equally homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in different 
degrees; while pure water seems to transmit all the rays 
equally,"** and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which tmow much light upon 
this curious subject 

If we take a piece of blue ^lass, like that generally used 
fat finger glasses, and transmit through it a beam of white 
li^ht, the light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the spec- 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the glass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light 
In order to determine what these colors are, let us transmit 
through the blue glass the. prismatic spectrum K I^ fig, 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism BAG, and look through it at the sun, or 
rather at a circular aperture made in the windownahutter of 
a dark room. He will then see through the prism the spec- 
trum E L as far below the aperture as it was above the ^t P 
when shown in the screen. Let the blue glass be now mter- 
poeed between the eye and the prism, and a remarkable spec* 
trum will be seen, deficient in a certain number of its dififer- 
* ' ■ — ■ — ~~~ — — - 

• See Note II., of Am, ed.. which followi the aathor*f Appendix. 
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entlr colored rays. A particular thickness absorbs the middle 
of the red space, the whole of the orange, a great part of the 
green, a considerable part of the blue, a little of the indigo, 
and very little of the violet The yellow space, which has 
not been much absorbed, has increased in breadth. It occu- 
pies part of the space formerly covered by the orange on one 
side, and part of the space formerly covered by the green on 
the other. Hence it follows, that the blue glass has absorbed 
the red light, which, when mixed with the yellow light, con- 
stituted orange^ and has absorbed also the blue light, which, 
when mixed with the yellow, constituted the part of the 
green space next to the yellow. We have therefore, by ab- 
sorption, decomposed green light into yellow and blue, and 
orange light into yellow and red ; and it consequently follows, 
that the orange and green rays of the spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
posed by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. Differ-' 
ence of color is therefore not a test of difference of refrangu 
bUity, and the conclusion deduced by Newton is no longer 
admissible as a general truth : "That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete analysis of the spec- 
trum, I have examined the spectra produced by various bodies, 
and the changes which they undergo by absorption when 
viewed through various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from tliese observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of intensity about flie mi(idle of the red 
space in the solar spectrum, the primary yellow spectrum has 
its maximum in the middle oi the yellow space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo space. The two minuna of each of the three 
primary spectra coincide at the two extremities of the solar 
spectrunL 

From this view of the constitution of the solar spectrum 
we may draw the following conclusions : — 

1. Red, yellow, and blue light exist at every point of the 
solar spectrum. 

2. As a certain portion of red, yellow, and blue constitute 
white light, the color of every point of the spectrum may be 
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copsidered as oonaifiting of the predominatiiig color at any 
point mixed with white light In the red space there is more 
red than is necessary to o^e white light with the small por- 
tifxis of yellow and hlue which exist there; in the yellow 
space there is more yellow than is necessary to make white 
light with the red and blue ; and in the part of the bine space 
'miich appears violet there is more red than yellow, and 
hence the excess of red forms a violet with the Uue. 

3. By absorbing the excess of any color at any point of the 
spectrum above what is necessary to form white li^ht, we 
may actually cause white light to appear at that pomt, and 
this white light will possess the remarkable property of re- 
maining white after any number of refractions, and of being 
decomposable cmly by absorption. Such a white light I have 
succeeded in developing in difierent parts of the spectrum. 
These views harmonize in a renuurkable manner with the 
hvpothesis of three colors, which has been adopted by many 
philosophers, and which others had rejected from its incom- 
patibility with the phenomena 6P the spectrum. 

The existence of three primary colors in the spectrum, and 
the mode in which they produce by their combination the 
seven secondary or cc»npound colors which are developed by 
the prism, will be understood from ^, 51. where M N is the 
prismatic spectrum, consisting of tiuree primary spectra of the 
same lengths, M N, viz. a red, a yellow, and a blue spectrum. 
The red spectrum has its maximum intensity at R; and this 
intensity may be represented by the distance of the point R 
from M N. The intensity declines rapidly to M and slowly 
to N, at both of which points it vanishes. The yellow spec- 

Ffg.Sl, 




tram has its maximum intensity at Y, the intensity declining to 
zero at M and N ; and the blue has its maximum intensity at 
B, declining to nothing at M and N. The general curve 
which represents the total illumination at any point will be 
outside at these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point Thus the ordinate of the general curve at the point Y 
will be equal to the ordinate of 5ie yellow curve, which we 
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may suppose to be 10, added to that of the fed curve, which 
may be 2, and that of the blue, which may be 1. Hence thf 
general ordinate will be 13. Now, if we suppose that 3 part^ 
of yellow, 2 of red, and 1 of blue make white, we shall have 
the color at Y equal to 3 + 2 + 1, equal to 6 parts of whit^ 
mixed with 7 parts of yellow ; that is, the compound tint at 
Y will be a bright yellow without any trace of red or blua 
As these colors all occupy the same place in the spectrum, 
they cannot be separated by the prism ; and if we could finit 
a colored glass which would absorb 7 parts of the yellow, we 
should obtain at the point Y a white ligJU which the prisn 
could not decompose.* 



CHAP. vm. 

^ ON THE DISPERSION OF UGBT. 

iNjthe preceding observations, we have considered the pri» 
matic specti-um, K L,jfig* 50., as produced by a prism of ^asi 
having a given refracting angle, B A C. The green ray, oi 
g G, which, being midway between g K and ^ L, is called 
the mean ray of the spectrum, has been refracted from P to 
G, or through an angle of deviation, P^G, which is called 
the mean refraction or deviation, produced by the prism. If 
we now increase the angle B A C of the prism, we shall in> 
crease the refraction. The mean ray g G will be refracted 
to a; greater distance from P, and the extreme rays ^ L, ^ K, 
to a greater distance in the same proportion ; that is, if ^ G 
is refracted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
K L will be twice as great For the same reason, if we 
diminish the angle B A C of the prism, the mean refraction 
and the spectrum will diminish in the same proportion ; but, 
whatever be the angle of the prism, the length K L will al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of all sub- 
stances whatever, produced spectra bearing the same propor- 
tion to the mean refraction as prisms of glass ; and it is a re- 
markable circumstance, that a philosopher of such sagacity 
should have overlooked a fact so palpable, as that different 
bodies produced spectra whose lengths were different, when 
the mean refraction was the same. 

The prism BAG being supposed to be made of crown 

—— 

* See Note III., by Am. ed., following the author's Appendix. 
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glass, let us take another of flint eUus or white crystal^ with 
such a refracting angle that, when placed ill the position 
BAG, the light enters and quits it at equal angles, and re- 
fracts the mean ray to the same point G. The two prisms 
ought, ^ereibre, to have the same mean refraction. But when 
we examine the spectrum produced by the flint glass prism, 
we shall find that it extends beyond K and L, and is evidently 
longer than the spectrum produced by the crown glass [Hrism. 
Hence flint glass is said to have a greater dispersive power 
than crown glass, because at the same angle of mean refrac- 
tion it separates the extreme rays of the spectrum, g* L, g* K, 
farther from the mean ray § G. 

In order to explain more clearly what is the real measure 
of the dispersive power of a body, let us suppose that in the 
crown glass prism, BAG, the index of refxaction for the e&< 
treme violet ray, g'K, is 1*5466, and that for the extreme red 
ray, g L, 1*5258; then the difference of these indices, or 
*Q208, would be a measure of the dispersive power of crown 
glass, if it and all other bodies had the same mean refraction: 
but as this is far from being the case, the dispersive power 
must be measured by the relation between *020S and the 
mean refraction, or 1*5330, or to the excess of this above 
unity, viz., *53d0, to which the mean refraction is always pro- 
portional. For the purpose of making this clearer, let it be 
required to compare the dispersive powers of diamond and 
crown glass. The index of refraction of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference of these is -0560, nearly three times as great as 
•0208, the same difference for crown glass ; but then the dif- 
ference between the sines of incidence and refraction, or the 
excess of the index of refraction above unity, or 1*439,' is also 
about three times as great as the same difference in crown 

flass, viz., -5330 ; and, consequently, the dispersive power of 
iamond is very little greater than tliat of crown glass. The 
two dispersive powers are as follows: — 



Crown Glass . . . :JU| = 00386 
Diamond .... y«|fj = 0*0888 

This similarity of dispersive power might be proved experi- 
mentally, by taking a prism of diamond, which, when placed 
at B A C in^^. 50., produced the same mean refraction as the 
green ray g G. It would then be seen tliat the spectrum 
which it produced was of the same length as that produced 
by the prism of crown glass. Hence the splendid colors 
which distinguish diamond from every other precious stone 
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are not owing to its high dispersive power, but to its great 
mean refraction. 

As the indices of refraction given in our table of refractive 
powers are nearly suited to the mean ray of the spectrum, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, No. I., obtain the 
approximate indices of refraction for the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of refraction for the index of refrac- 
tion of the violet, and subtracting half of the same number 
for the index of the red ray. The measures in the table are 
given for the ordinary light of day. When the sun's light is 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction for the extreme ray is thus 
known, we may determine the position and length of the 
spectra produced by prisms of different substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on which 
the spectrum is received. 

If we take a prism of crown glass, and another of flint 
glass, with such refracting angles that they produce a spec- 
trum of precisely the same len^, it will be found, that when 
the two prisms are placed togemer with their refracting angles 
in opposite directions, they will not restore the refracted pencil 
to the state of white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint glass. 
The white light 1?, fig. 50., will be tinged on one side with 
purple, and on the other with green light This is called the 
secondary spectrum, and the colors secondary colors ; and it 
is manifest that they must arise from the colored spaces in the 
spectrum of crown glass not being equal to those in the spec* 
trum of flint glass. 

In order to render this curious property of the spectrum 
very obvious to the eye, let two spectra rf equal length be 
formed by two hollow prions, one containing oU of cassia^ 
and the other sulphuric acid. The oil of cassia spectrum will 
resemble A B,fig, 52., and the sulphuric acid spectrum C D. 
In the former, the red, orange, and yellow spaces are less than 
in the latter, while the blue, indigo, and violet spaces are 
greater ; the least refrangible rays bemg, as it were, contract- 
ed in the former and expanded in the latter, while the most 
refrangible rays are expanded in the one and contracted in the 
other. In consequence of this difference in the colored spaces, 
the middle or mean ray m n does not pass through the same 
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f the spectra whidi they can>- 
&, this property has been called the ir ralto naiity of duper- 
rum, or of the colored epacea in the specIrufD. 

In tsAei to ascertain whether any prian cootiJictB or ex- 
pands the least rsfcBogible la^s more ubu another, or which 
of them acts jooet on green light, take a pnm of each with 
such ang-les that tbey correct each other's disperaicMi as much 
Bs poBsible, er that they produce spectia !>f the »ioe length. 
If, through the prisma placed with their refracting angles in 
i>pp(i«te direcUops, we took at the bar of the window par^Hel 
te the base cS the priBcn, we shall see ita edges perfectly ires 
from color, [HDvided Che two prisms act equally upoa green light. 
But if thi^ *ct difierently on greeo lig^it, the bar wil! have a 
Jringe of purpl^ on one side, and a fringe of green on ths 
other ; and Hje green fringe will always be on the eame side 
of the bar as the vertex of the prism which contracts the yel- 
low apace and expands the blue and videt one& That is, if 
the prisms are 9mt and crown glas^, the uncorrected green 
fringe will be on the lower side ^the bar when tiie vertex of 
.the 9uit glass. prism points downwards. Flint glass, there£bre, 
iU£ a lea actim upon green light than crown glasa, and cou- 
Iraots in a greater degree the red and fellow spocea. Seo 
A^wndii, Nol IL 



74 ▲ TREATISE ON OFTiai. PART U* 

CHAP. IX. 
ON THE FBINCIFLE OF AOHROMATIO TELBEKXIFBB. 

In treating of the progress of rays through lenses, it was 
taken for granted that the light was homogeneous, and that 
every ray that had the same angle of incidence had also the 
same angle of refraction ; or, what is the same thing, that 
every ray which fell upon the lens had the same index of re- 
fraction. The ol^ervations in the two preceding chapters 
have, however, proved that this is not true, and that, in the 
case of li^ht &lling upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1*5466, the index of refraction for the 
violet rays. As the light of the sun, by which all the bodies 
of nature are rendered visible, is white, this pnroperty of light, 
viz. the different refrangibility of its pexts, affects greatly the 
formation of images by lenses of all kinds. 

In order to explain this, let L L be a convex lens of crown 
glass, and R L, B. L rays of white light incident upon it par- 

Fig. S3, 




allel to its axis R r. As each ray R L of white light consists 
of seven differently colored rays having different degrees of 
refrangibility or different indices of refraction, it is evident 
that fUi the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one pomt The 
extreme red rays, for example, in R L, R L, whose index of 
refraction is 1*5258, if traced through the lens by the method 
formerly ffiven, win be found to ha vie their focus in r, and C r 
will be the focal length of the lens for red rays, la like 
manner the extreme violet rays, which have a greater index 
of refraction, or 1*5466, will be refracted to a focus v much 
nearer the lens, and C v will be the focal length of the lens 
for violet rays. The distance v r is called the chromatic aber- 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean re&angible rays at o, is called the circle 
of least aberration. 
These effects may be shown experimentally by exposing the 
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lens L L to the parallel rajs of the sun. If we receive the 
image of the san on a piece of paper placed between o and C» 
the luminous circle on the paper will have a red bordet, be- 
cause it is a section of the cone L a 6 L, the exterior rays of 
which L a, L 6 are red ; but if the paper is placed at any 
greater distance than o, the luminous circle on the paper wiU 
have a violet border, because it is a section of the cone / abV^ 
the exterior rays of which al,bV are violet, being a contin- 
uation of the violet rays L v, L v. As the spherical aberration 
of the lens is here combined with its chromatic aberration, 
the undisguised effect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tral part, leaving only a small rim round its circumference at 
L L, through which the rays of light may pass. The refrac- 
tion of the diflferently colored rays will be then finely dis- 
played by viewing the image of the sun on the different sides 
of a h. 

It is clear from these observations that the lens will form a 
violet image of the sun at v, a red image at r, and images of 
the other cdors in the spectrum at intermediate ^ints be- 
tween r and v; so that if we place the eye behind these 
images, we shall see a confiised image, possessing n<me of 
that sharpness and distinctness which it would have had if 
fi>rmed only by one kind of rays. 

The same observations are true of the refraction of white 
light by a concave lens ; only in this case the parallel rays 
ifmich such a lens refracts diverge, as if they proceeded from 
separate foci, v and r, in front of the lens. 

If we now place behind L L a concave lens G G of the 
same glass, and having its surfaces ground to the same cur- 
vature, it is obvious t£it since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a b^ 
tiie focus of the mean refran^ble rays, where the violet and 
red rays cross at a and b, the unage will be more distinct than 
in any other position ; ai^ when rays converge to the focus of 
imy concave lens, they will be refracted into parallel direc- 
tions; that is, the concave lens will rofract these converging 
tavs into the parallel lines G 2, G 2, and they will again form 
white light That the red- and violet rays will be thus re- 
anited in one, viz. G 2, may be proved by projecting them ; but 
it is obvious also from the considerati<»i that the two lenses 
L L, G G actually form a piece of parallel glass, the outer 
fiODcave surfiuce dCtG being parallel to the outer convex sur- 
fiice of L L. 

i&7,) But though we have thus corrected the color produced 
by L 1^ by means of the lens G G, we have done this by a 
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i^lesB combinatioii ; since the two together act only like a 
piece of plane gla^ and are incapahle of formioff an image. 
JJT we make the concave lens G G, however, of a. longer §ocub 
than L.Ly the two together will act as a convex lens, and will 
form images behind it, as the rays G Z, G Z will now oonveim 
to a focus behind L L. But as the chromatic aberration of tne 
]en9 G G wiU now be less than that of L L, the one' will not 
correct or compensate the other ; so that the di^rence be- 
tween the two aberrations will still remain. Hence it is im- 
possible, by means of ttoo lenses of the same glass^ to form 
an. image which shall be free from color. 

As air Isaac Newton believed that all substances whatever 
produced the same quantity of color, or had the same chro- 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combination of a concave with a con- 
vex glass, to produce refraction without color. But we have 
alreidy seen that the premises from which this conclusion was 
drawn are incorrect, wad that bodies have different dispersive 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that different lenses may produce 
the same degree of color when they have different focal 
lengths f so that if the lens L L is made of eroum gbutff whose 
index of refraction is 1*519, and dispersive power 6*096^ and 
the lens G G ofJUnt gkus, whose index of refraction is 1^89, 
and dispersive power 0-0393, and if the focal length of the 
jepnvex crown-glass lens is made 4( inches, and that of the 
concave Hint-glass lens 7f inches, they will form a lens, with a 
ftcal length of 10 inches, and will refract white light to a 
fingle focus free ai color. Such a lens is called -an achro* 
fnatic lens ; and when used as a telescope^ with another glass 
to magnify the colorless image which it.fotms of distiuit ob- 
jects, it oQnstitutes the achromatic telescope, one. of the 
.gjreatest inventions pf the last century. Although Newton, 
i;efisonine from his imperfect, .i^wleqge. of the dispersive 
.power oTbodies, pronounced such iin invention to be hc^less; 
jet, in a short time after the death of that great philosopher, 
It was accomplished by a Mr. Hall, and. afterwards l^ Mr. 
Xk^ond, who brought it to a high decree of perfection. 
i, The image formed by an actuomatic Idhs thus coostrocted 
.would l^ve been perfect if the equal spectra foroied by the 
crown and flint glass were in every respect similar : but as 
.we have seen that the colored spaces in the one are not equal 
to the colored spaces in the other, a secondary spectrum is 
Jeft; and thereiwe the ima^ of all lumitaous objects, when 
ieen through such a lens, will be bordered on one side with a 
purple fringe, and on the other with a green fringe. If two 
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ealiBtances could be found of dif^ent refractive and dispersive 
powers, and capable of producing equal spectra, in which t^e 
colored spaces were equal, a perrcct achromatic lens would be 
produced : but, as bo such substances have yet been found, 
philosophers have endeavored to remove the imperfection by 
other means; and Doctor Bkir had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of producing a primary spectrum, in which the green rays 
were among the most refrangible, something like C D,Jig, 52., 
as in crown glass. But as muriatic acid has too low a reirac- 
tive and dispersive power to fit it for being used as a concave 
lens along with a convex one of crown ^lass, he therefore 
conceived the idea of increasing the refractive and dispersive 
powers of the muriatic acid, by mixing it with metallic solu- 
tions, such as muriate of antimony ; ami he found he could do 
this to the requisite extent without. altering its law of disper- 
sion, or the proportion of the colored spaces in its spectrum. 
By inclosing, therefore, muriate of antimony, L L, between 
two convex lenses of crown ^lass, as A B, C D in ^. 54., 
.Doctor Blair succeeded in renracting parallel rays R A, RB 




to a single focus F, without the least trace of secondary 
color. Before he discovered this property of the muriatic 
acid, he had contrived another, though a more complicated 
combination, for producing the same cfiect ; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which he constructed, it 
is unnecessaiy to dwell any longer upon the subject 

In these observations, we have supposed that the lenses 
which are combined have no spherical aberration ; but though 
this is not the case, the combination of concave with convex 
sur&ces, when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 
lensea 

In the course of an examination of the secondary spectra 
produced by difierent combinations, I was led to the conclu- 
sion that there may be refraction without color, by means of 
two prisms, and tfaiat two lenses may converge white light to 

G2 
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one focus, even thbugh the prisms and the lemses tire mttd^ of 
the same kind of gls^ When one priism of a di^f^ent ftttgfle 
is thus made to correct the dispersion of another prism, a ler- 
tiary spectrum is produced, which depends wholly on the 
angles at which the light is refracted at the two snr&ces of 
tibe prisms. See Trmtise on New PkUotophukd Jtufirw' 
menu, p. 400. 



CHAP. X. 

ON THE PHYSICAL FROPSRTIBS OF THE SPBCTRUlf. 

(68.) In the preceding chapter we have considered only 
^ose general properties of the solar spectrum on which the 
construction of achromatic lenses depends We shall now 
prbceed to take a general viiew of all its physical propertie& 

On the t^xistence of Fixed Lines in the Spectrum, 

In the year 1802, Dr. Wollaston announced that in the 
spectrum formed by a fine prism of flint glass, free from veins, 
when the luminous object was a slit, the twentieth of an inch 
wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
was not followed out by its ingenious author. 

Withput a knowledge of Dr. Wollaston's observation, the 
late celebrated M. Fraunhofer, of Munich, by viewing through 
a telescope the spectrum formed firom a narrow line of solar 
. light by the finest prisms of flint glass, discovered that the 
sur&ce of the spectrum was crossed throughout its whole 
length by dark lines of diflerent breadth& None of these lines 
coincide with the boundaries of the colored spacea They are 
nearly 600 in number : the largest of them subtends an angle 
of from 5'' to 10''. From their distinctness, and the facility 
with which they may be found, seven of these lines, viz. 
B, C, D, £, F, G, H, have been particularly distinguished by 
M. Fraunhofer. Of these B lies in the red space, near its 
outer end ; C, which is broad and black, is beyond the middle 
of the red; D is in the orange^ and is a strong double line, 
.easily seen, the two lines bemg nearly of the san!ie si^e, and 
-separated by a bright one; £ is in the green, and consists of 
several, tha middle one being the strongest; F is in the blue^ 
and is a very strong line; G is in the indigo, and H m tim 
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violet Beieddes these lines there are others which deserve to 
be noticed. At A lis a well defined dark line within the red 
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space, and half>way between A and B is a gixmp of seven or 
eight, ibrming together a dark band. Between B and C there 
are 9 lines ; between C and D there are 80 ; between D and 
E there are 84 of different 8i2e8. Between E and 6 there are 
^ at 6 there are three very strong lines, with a fine clear 
space between the two widest ; between b and F there are 
52; between F and G 185; and between G and H 190, 
many being accumalated at G. 

These lines are seen with eqnal distinctness in spectra pro- 
duced by all solid and fluid bodies, and, whatever be the 
lengUis of the spectra and the proportion of their colored 
spaces, the lines preserve the same relative position to the 
boundaries of the colored spaces ; and therefore their propor- 
tional distances vary with the nature of the prism by which 
they are produced. Their number, however, their order, and 
theur intensity are absolutely invariable, provided, light coming 
either directly* or indirectly from the sun be employed 
Similar bands are perceived in the light of the planets and 
Jixed starSf of colored flames, and of the electric wark. The 
spectra from the liffht of Mars and from that of Venus con- 
tain the lines D, E, o, and F in the same positions as in sun- 
light In the spectrum from the light of Siriust no fixed 
lines could be perceived in the orange and yeUow spaces ; but 
in the green there was a very strong streak, and two other 
very strong ones in the blue. They had no resemblance, 
however, to any of the lines in planetary light The star 
Castor gives a spectrum exactly like that of Sirius, the 
Btseak in the. fireen bein^ in the very same place. The 
'Streaks were %5o seen in uie blue, but Fraunhofer could not 
ascertain their pdace. la the spiectram of PoUux there were 
many weak but fixed lines, which looked like those in Venus. 

* Fraanhoftr found the TerjbitiM ham in nooDUgM. 



80 ▲ TSEATI8B ON OFTICS. . FAST IX . 

It h&d the line D, fi>r example, in the very same place as in 
the light of the planets. In the spectrum of OapMi the 
lines D and b are seen as in the sun's light The spectruni 
of Bet(dgeu8 contains numerous fixed lines sharply defined, 
and those at D and b are precisely in the same places as in 
sun-light It resembles the spectrum of Venus. In the spec- 
trum of Procyon Fraunhofer saw the line D in the orange ; 
but though he observed other lines, yet he could not deter- 
mine their place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright lines. 
The spectrum from the light of a lamp contains none of the 
dark fixed lines seen in the spectrum from sun4ight; but 
there is in the orange a bright line wiiich is more distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is found in the solar spec- 
trum. The spectrum from tiie light of a flame maintained by 
the blowpipe contains several distinct bright lines.'*' 

(69.) One of the most important practical results of the 
discovery of these fixed lines. in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, hy measuring 
the distances of the lines B, C, D, &c. Fraunhofer com- 
puted the table of the indices of refraction of different sab- 
stances, given in the Appendix, Na III. From the numbers 
in the table here referred to we may compute the ratios of 
the dispersive powers of any two of the substances, by the 
method already explamed in a preceding chapter. 

On the Illuminating Poxoer of the Spectrum, 

(70.) Be&re the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

The place of maximum illumination he found to be at M, 
, fig, 55., so situated that D M was about one third or one 
fourth of I)E; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a maximum, 100, then the light S other points 
will be as follows : — 

Light at the red extremity - 0*0 

B 3*2 

C - 9-4 

D 640 



Maximum light at M - 100*0 
Light at E ----- 48-0 



Light at F - - . - 17-00 

G - - - . 3-10 

H - - - - 0-56 

— "■ the violet ex- 



tremity - 



I 0-00 



* Sm Th4 Ediniurgh Jowrnal tfSeittue, No. XV. p. 7. 
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Calling the intensity of the light in the brightest sfAce D £ 
100, Fraunhofer found the light to have the following intensity 
in tne other spaces : — 

Intexwityof lightinEF 32*8 



Intensity of light in BC - Q-l 

CD 59-9 

DE 100-0 



FG 18-5 
GH 3*6 



From thiese resolta it follows that, in the spectrum exam- 
ined by Fraunhofer, the most luminous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space. 
As a grreat part, however, of the videt extremity of the spec- 
trum is not seen under ordinary circumstances, these results 
cannot be applied to spectra produced under such circum- 
stances. 

(M the Heating Power of the Spectrum, 

(71.) It had alvrays been supposed by philosophers that the 
heating power in the spectrum would be prc^xutioDal to the 
quantify of li^t; and Landriani, Bochon, and Sennebier, 
nmnd the yeUow to be the warmest of the colored spaces. Dr. . 
Herschel, however, pit>ved by a series of experiments that the 
heating power gradually increased from the violet to the red . 
extremity of the spectrum. He found also that the thermome- 
teir continued to rise when placed beyond tiie red end of the 
spectrum, where not a single rvj of lisht could be perceived. 

Hence he drew the important conchision, that there were 
invisible rays in the light of the sun^ which had the power of 
producing heat, And which had a less de^ee of rejran^ihil' 
Up i^ah red light. Dr. Herschel was desirous of ascertaminff 
the refrangibtiity of the extreme invinble ray which possessed 
•the power of heating, but he fonnd this to be impracticable ; 
and he satisfied himself with determining that, at a point 1^ 
inchies distant trom the extreme red ray, the invisible rays ex- 
erted a ccxisiderable heating power, even though the ther- 
mometer was |daced at the distance of 62 iikches from the 
prism* 

These results were confirmed by Sir Henry Englefield, who 
obtained the following measures: — 

Tauptntan. 

Blue 560 

Green 58 

Yellow .... 63 



Red . . . . 720 
Beyond red . . 79 



When the thermometer was returned fimn beyond the red 
into the red, it fell again to 72^. 
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M. Berard obtained analogous measures ; but he found that 
the maximum of heat was at the very extremity of the red 
rays when the bulb of the thermometer was completely cov- 
ered by them, and that beyond the red space the heat was 
only one fiflh above that of the ambient air. 

Sir Humphry Davy ascribed Berard's results to his nsin^ 
thermometers with circular bulbs, and of too large a size ; and 
he therefore repeated the experiments in Italy and at Geneva, 
with very slender thermometers, not more than one twelfth of' 
an inch m diameter, with very long bulbs filled with air coo- 
fined by a colored fluid. The result of these experiments was 
a confirmation of those of Dr. Herschel.* 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — 

• auximaa. 



Water Yellow. 

Alcohol Yellow. 

Oil of turpentine ...... Yellow 

Sulphuric acid concentrated . . Orange. 

Solution of sal-ammoniac . . . Orange. 

Solution of corrosive sublimate • Orange. 

Crown glass Middle of the red. 

Plate glass . Middle of the red. 

flint glass ........ Beyond tiie red. 

The observations on alcohol and oil of turpentine were 
made by M. WunscLf 

On the Chemicid Influence of the Spectrum, 

(72.) It was long a^o noticed by the celebrated Scheele, 
that murUUe of silver is rendered much blacker by the violei 
than by any of the other rays of the spectrum. In 1801, M. 
Ritter of Jena, while repeating the experiments of Dr. Her- 
schel, found that the muriate or silver became vei^ soon black 
beyond the tdolet extremity of the spectrum. U became a 
little less blackened in the violet itself, still less in the blue^ 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

*See Edinburgh Eneyclopadia, vol. z. p. 69., wbere tbey were fint pub< 
liibed« as communicated to me by Sir Humphry. 

t Fat the recent observations of Sigoor Melloni, see Note IV. of Am. ed. 
which follows author's Appendix. 
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in the solar spectrum, one on the red side which fkvors ox^* 
genaticxi, ana the other on the violet side which fiivors dis- 
Qxygenation. M. Hitter also found that phosphorus emitted 
"white fumes in the invisible red ; while in the mvisible violet» 
phosphorus in a state of oxygenation was instantly extin- 
guished. 

In repeatmg the experiments with muriate of silver, M. 
Seebeck found that its color varied with the colored space in 
which it was held. In and beyond the vudet, it was reddish 
brown; in the blue, it was blue or bluish grey; in the yeXUnCj 
it was white, either unchanged or fiuntly tinged with yellow ; 
and in and beyond the red it was red. In prisms of flint glassy 
the muriate was decidedly colored beyond the limits of the 
spectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
laston obtained the very same results respecting the action of 
violet light on muriate of silver. In continumg his experi- 
ments, he discovered some new chemical effects of light upon 
gvm guaiacum. Having dissolved some of this gum in alco- 
hol, and washed a card with the tincture, he expmed it in the 
different colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and luLving covered the central part of it so as to leave 
only a ring of one tenth of an inch at its circumference, he 
could collect the re^s of any color in a fecus, the focal dis- 
tance bein^ about 24^ inches fofT yellow licfht The card 
washed wiSt guaiacum was then cut in sma!U pieces, which 
were placed in the different rays concentrated by the lens. In 
the violet and blue rays it acquired a green color. In the 
yellotp no efiect was produced. In the red rays, pieces of the 
card already made green lost their green color, and were re- 
stored to their original hue. The guaiacum card, when placed 
in carbonic acid gas, could not be rendered green at any dis- 
tance from the lens, but was speedily restor^ from gree^ to 
yeUow by the red iiay& Dr. Wollaston also found that the 
lack of a heated silver spoon removed the green color as €^ 
fectually as the red rays. 

On the Magnetizing Power of ihe Solar Rays. 

(73.) Dr. Morichini, more than twenty years ago, announced 
that the violet rays of the solar spectrum had the power of 
magnetizing small steel needles tluit were entirely nree from 
magnetism. This efiect was produced by collecting the violet 
rays in the focus of a convex lens, and carrying me focus of 
Aese rays from the middle of onehalf of the needle to the 



e^tremiti^ of that half, without touching the oth^r halfl 
"VVhen jbbis pperation had been performed for an hour, the 
needle had acquired perf^t polariW. MM. Carpa and Ridolfi 
repeated this experiment with perfect success ; and Br. Mori- 
chini magnetized several nie^dles in the presence of Sir M. 
I^vy, Professor Playfair, and other English philosophers. M. 
Berard at Montpelier, M. Dhombre Firmas at Alais, and pro« 
fessor Configliachi at Pavia, having failed in producing the 
same effects, a doubt was thus cast over the accuracy of pre- 
cedinj^ researches. 

A few years ago, Dr. Morichini's experiment was restored 
to credit by some ingenious experiments by Mrs. Somerville. 
{laving covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and e^qxised the other 
half uncovered to the violet rays, the needle acquhied mag- 
netism in ahoi^t two hours, the exposed end exhibiting north 
polarity. The indigo rays produced nearly the same effect, 
aad the blue and green produced it in a less degree. When 
the needle was exceed to the yellow, orange, red, or calorific 
rays beyond the r^ it did not receive the lightest magetism, 
although the exposures lasted for three days. Pieces of clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles, &c., were 
magnetized in a shorter time. The same eflfects were pro- 
duced by exposing the needles half covered with paper to the 
$un^s rays transmitted through glass colored blue with cobalt. 
Green ^laeis produced the same effect The light of the sun 
transmitted through blue and green riband produced the same 
Effect as through colored glass. When the needles thus cov- 
ered had hung a day in the sun*s rays behind a pane of glaiss, 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville*s experiments, M. Baumgart- 
ner of Vienna discovered that a steel wire, sdhie parts of 
which were polished, while the rest were without lustre, be- 
came magnetic by exposure to the white. light of the sun ; a 
fiorth pole appearmg at each polished part, and a south pole at 
each unpolished pi^ The effect was hastened by concea- 
trating the solar rays upon the steel wire, hi this way he 6b-' 
tained 8 pedes on a wire eight inches long. He was not able 
to ma^etize needles perfectly oxidated, or perfectly polished, 
9r having {loLi^hed lines in the direction of their lengths. 

About the same time, Mr. CShristie of Woolwich found that 
when a magnetized needle, or a needle of copper or glass, vi- 
wated by the force of torsion in the white light of the sun, 
ttip arch of vibration was more rapidly diminished in the sun*4 
^htthan in the ahade. The.e^^ yfw greatest on the oaaf- 



CHAF* X. ^ORBnC RAITS* 85 

netized needle. I^ce he concludes that the compound solar 
rays possess a very sensible magnetic influence. 

These results have received a very remarkable confirmatioii 
fiom the experiments of M. Barlocci and M. ZantedeschL 
Professor Barlocci found that an armed natural loadstone, 
i^hich could carry 1^ Roman pounds, had its power nearly 
doubled by twenty-four hours* exposure to the strong light of 
the sun. M. ZantedeschL found that an artificial horse-shoe 
loadstone, ^hich carried IB} oz., carried dj^ more by three 
days' exposure, and at last suppooted 81 oz., by continuing^ it 
in the sun's light He found, that while the strength in- 
creased in oxidated magnets, it diminished in those which 
were not oxidated, the diminution becoming ins^isible when 
the loadstone was highly polished. He now concentrated the 
solar rays upon the loadstone by means of a lens ; and he 
found that, both in oxidated and polished magnets, they oo* 
quire strength when their north pole is exposed to the sun's 
rays, and lose strength when the south pole is exposed. He 
found likewise that the augmentation in the first case ex- 
ceeded the diminution in the second. J^ Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
m the sun's light ; and he found that, by exposing the norm 
pole of a ne^e a foot long« the semi-amplitude of the last 
oscillation was 6^ less than the first ; while, by exposing the 
south pole, the last oscillation became greater than the first 
M. Zantedeschi admits that he often encountered inexplicable 
anomalies in these experiments.'" 

Decisive as these results seem to be in fiivor of the mag- 
netizing power both of violet and white light, yet a series of 
apparently very well conducted experiments have been lately 
publi^ed by MM. Riess and Mo8er,f which cast a doubt over 
the researches of preceding philosophera In these experi- 
ments^ they examined the number of oscillations performed in 
a ffiven time before and after the needle was submitted to the 
influence of the violet rajrs. A focus of violet light concen- 
trated' by a lens 1*2 inches in diameter, and 2*3 inches in focal 
length, was made to traverse one half of the needle 200 
times ; and though this experiment was repeated with differ- 
ent needles, at dififerent seasons of the year, and different 
hours of the day, yet the duration of a given number of oscil- 
lations vras almost exactly tiie same after as before the experi- 
ment Their attempts to verify the results of Baumgartner 
were equally fruitless; and Ihey therefore consider themselves 
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as entitled to r^^ totally a discovery ^ which for seventeen' 
years has at dijferent times disturbed science. «' The small 
variatkmfl," they observe, '^ which are found in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichmi, Baumgartner, 
Adc^ in so clear and decided a manner." 



CHAP. XL 

ON THE INFLEXION OB DIFFRACTION OF LIGHT. 

Cr4.) HAYiNa thus described the changes which light expe- 
riences when refracted by the surfaces of transparent bodies;, 
and the properties which it exhibits when thus decomposed 
into its elements, we shaU now proceed tp consider the phe- 
nomena which it presents when passing near the edges of 
bodies. This branch of optics is called the inflexion or the 
diffraction of light 

This curious jffoperty of light was first described by Gri- 
maldi in 1665, and afterwards by Newton ; but it is to the late 
M. Fresnel that we are indebted for a most successful and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of veij short fix^us, 
fig. 56., be fixed in the window-shutter, M N, of a dark room ; 




and let R L L be a beam of the sun^s liffht, transmitted through 
the lens. This light will be collected into a fi>cus at F, from 
which it will diverge in lines FC, FD, fixrming a circulidr 
image of light on Sie opposite wall If a small hole, about 
the fortieth of an inch in diameter, had been fixed in the win- 
dow-shutter in place of the lens, nearly the same divergent 
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beam of light would have been obtained. The shadows of all 
bodies whatever held in this light will be found to be sur- 
rounded with three fringes of the following colors, reckoning 
from the shadow: — 

First fringe. — Violet, indigo, pale blue, green, yellow, red. 

Second frtnge. — ^Blue, yellow, red. 

Third fringe. — ^Pale blue, pale yellow, pale red. 

In order to examine these fringes, we may either receive 
them on a smooth white sur&ce as Newton did, or adopt the 
method of Fresnel, who looked at them with a magnifying 
fflass, in the same manner as if they had been an image 
rormed by a lens. This last method is decidedly the best, as 
it enables the observer to measure the fringes, and ascertain 
the changes which they undergo under different circum- 
stances. 

Let a body B be now placed at the distance BF from the 
focus, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following f^enoiQena 
will be observed : — 

1. Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
of a rush, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is homogeneous light of the different 
colors in the spectrum, the fr/nges will l^ of the same color 
ks the li^ht RL; and they will be broadest in red light, 
smallest m violet^ and of intermediate sizes in the interme- 
diate colors. 

3. The body B continuing fixed, let us either bring the 
screen CD nearer to B, or bring the lens with which we 
view the frin^ nearer to B, so as to see them at different 
distances behmd B. It will be found that they grow less and 
less as they approach the edge of B, fircxn which they take 
their rise. But if we measure the distances of any one fringe 
firom the shadow at different distances behind B, we shall find 
that the line joining the same point of the fringe is not a 
straight line, but a hyperbola whose vertex is at me edge of 
the hoAy ; so that the same fringe is not formed by the same 
light at all distances firom the body, but resembles a caustic 
curve formed by the intersection of different rays. This cu- 
rious fact we have endeavored to represent in the figure by 
the hyperbolic curves joining the edge of the body B and the 
fringes which are shown by dotted lines. 

4 Hitherto we have supposed that B has been held at the 
same distance frran F ; but let it now be brought to b, much 
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nearer F, and let the screen C D be bioaght to c <2, sb that 
bg ia equal BG. In this new positioo, where nothing has 
been cbaoyg^ed but the distance firom F, the fringes will be 
found greatly increased in breadth, their relative distances 
fh»n each other and from the margin of tiie shadow remain- 
ing the same. The in^uence of distance fi<Mn the radiant 
pomt F on the size of the fringes, or on the quantity of 
mflezicm, is shown in the &Uowmg results obtained by M. 
Fresnel : — 



DiatiiiM of tli« laflfctiag 
body B beMad Um n< 
dUnt point y. 



"FT" 
FB 



4 inches. 
20 feet 



Diitaac* B G or »f behind the 



bodjr B «r 6, lAera tha to. 

fiezion WM mcaaond. 



39 inchea 
39 



. laflMdoB af th* nd xagpa 
or tlia flrat (rtago. 



12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet light, it is easy to understand the cause 
of their colors in white light; for the colors seen in this case 
arise from the superposition of fringes of all the seven colors ; 
that is, if the eye could receive all the seven differently color- 
_ed fringes at once, these colors would form by their mixture 
the actual colors in the fringes seen by white light Hence 
we see why the color of the first fringe is videt near the 
shadow, and red at a greater distance; and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tints. 

Upon measuring the proportionod breadths of the fringes 
with great care, Newton found that they were as tiie num- 
bers 1, ^|| Vi» y/if ^^ ^'^^ intervals in the same pro- 
portion. 

Besides the external fringes which surround all bodies, 
Grimaldi discovered within the shadows of long and narrow 
bodies a number of parallel streaks or fringes alternately light 
and dark. Their number grew smaller as the body tapered ; 
and Dr. Young remarked that the central line was always 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect- 
angular, what are called the crested fringes (^ Grimaldi are 
pr^uced. 

The phenomena exhibited by substituting apertures of 
various forms in place of the body B are veiy interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behmd it 
so as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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and dilate, and chan^ their tints in the most beaatiful man- 
ner. When the aperture is one thirtieth of an inch, its dis- 
tance F 6 from the luminous point 6 feet 6 inches, and its 
distance from the focus of the eye-lens, or B 6, 24 inches, 
the following series of rings was observed : — 

1st order. White, pale yellow, yellow, orange, dull red. 

2d order. Violet, blue, whitish, greenish yellow, yellow, 
bright orange. 

§d order. Purple, indigo blue, greenish blue, bright green, 
yellow green, red. 

4th oraer. Bluish green, bluish white, red. 

5th order. Dull green, fkint bluish white, faint red. 

6th order. Very faint green, very feint red. 

7th order. A trace of green and red. 

When the aperture B is brought nearer to the eye-lens 
whose focus is supposed to be at 6, the central white spot 
grows less and less till it vanishes, the rings gradually closmg 
m upon it, and the centre assuming in succession the most 
brilliant tints. The following were the tints observed by 
Mr. Herschel ; the distance between the radiant point F and 
the focus G of the eye-lens remaining constant, and the 
aperture, supposed to be at B, being gradually brought nearer 
toG:— 



DisUnce 
of aiMr- 
tarwB 
tram tk« 
cyw-lena. 



24 in. 
18 

13-5 

10 
9-25 
910 
8-75 
8-36 
8-00 
7-75 
7-00 
6-63 
6-00 
5-85 
5-50 
6-00 
4-75 
4-50 
400 
3-85 
3-50 1 



Color of tha Cntnl apot. 



While. 
White. 

Tellow. 

Intense orange. 
Deep orange red. 
Brilliant blood red. 
Deep crimson red. 
Deep purple. 
Very sombre violet 
Intense indigo blue. 
Pure deep blae. 
Shy blue. 
Bluish white. 
Very pale blue. 
Greenish white. 
Yellow. 
Orange yellow. 
Scarlet 
Red. 
Blue. 
Dark blue. 



Cbuactor of tbe tlaga yMdh MmNuid 
tiur MJOnlflpoC 



Rings as described above. 

First two rings confused. Red of dd, and 

green of %th order, splendid. 
Inner rings diluted. Red and green of 

the outer rings good. 
All the rings much diluted. 
Rings all veiy dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. 
A p«ile yellow liiig. 
A rich yellow. 

A ring of orange, vdth a sombre space. 
Orange red, with a* pale yellow space. 
A crimson red ring. 
Purple* with orange yellow. 
Blue, orange. 

Bright blue, orange red, pale yellow, white. 
Pale yellow, violet, pale yellpw, white. 
White, indigo, dull oransre, white. 
White, yellow, blue, dull red. 
Orange, light blue, violet, dull orange. 
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When two small apertures are used instead of one, and the 
rings examined by the eye-lens as before, two eystems of 
rings will be seen, one round each centre ; but, besides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres, and perpendicular to the line joining* 
these centrea Two other sets of parallel rectilineal fring-es 
diverge in the form of a St. Andrew's cross from the middle 
pomt between the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are unequal, and the first 
set of parallel fringes become hyperbolas, concave towards 
the smaller system of rings, and having the aperture in Uieir 
common focus.* 

The finest experiments on this subject are those of Fraun- 
hofer ; but a proper view of them would require more space 
than we can spare.t 

<-^ CHAP. xn. 

ON THK COLORS OF THUI PLATES. 

(75.) When light is either reflected from the surfaces of 
transparent bodies, or transmitted through portions (^ them 
with parallel sur&ces, it is invariably white, for all die di& 
ferent thieknesses of such bodies as we are in the habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met witb, will both reflect and tran&- 
mk white light If we diminish, however, the thickness of 
these two bodies to a certain degree, we shall find that, in«- 
ctead of giving white light by reflexion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in blow- 
ing glass so thin as to show the same tints. Lord Brereton 
had observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally thin that they exhibited over their 
whole surface the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readUy obtained by 



* HerscheVg Treatise on Ugkt^ § 735. 

t See E^nburgh Encyclepadia^ art. Optica, Vol. XV., p. 596. 
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fltiddiif one eide of a plate of mica to a piece of sealing'-waXy 
and tearing it away with a sudden jerk. Some extremely 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we could produce a 
film of mica with only one tenth part of the thickness of that 
which produces a bright blue color, this film would reflect no 
liffht at all, and would appear black if viewed by reflexkni against 
a Mack body. But thougn no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on coie occasion produced solid fibres 
as thin, and actually incapable of reflecting light This very 
remarkable fact occurred in a c^tal of quartz of a smoky 
color, which was broken in two. The two surfaces of fracture 
were absolutely black ; and the blackness appeared, at first 
sight, to be owmg to a thin -film of opaque matter which had 
insinuated itself into the crevice. This (pinion, however, 
was untenable, as every part of the surface was black, and the 
two halves of the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examii^ 
ing this specimen with care, I found that the sur&ce was per- 
fectly transparent by transmitted light, and that the blackness 
of the surfaces arose from their being entirelv composed of a 
fine down of quartz, or of short and slender filaments, whose 
diameter was so exceedingly small that thev were incapable 
of reflecting a single ray of the strongest light The diameter 
of these fibres was so small, that, from prmciples which we 
shall presently explain, they could not exceed the one third 
of the millionth part of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* I have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall ejdiibit a fine down of difierent colors de- 
pending on their size. 

The colors thus produced by thinness, and hence called the 
colors of thin plates, are best observed in fluid bodies of a 
viscous nature. If we blow a soap-bubMe, and cover it with 
a clear glass to protect it from currents of air, we shall ob- 
serve, after it has grown thin by standing a little, a great 
many concentric colored rings round the top of it The color 
in the centre of the rings will vary with the thickness*; but 
as the bubble grows thinner the rings will dilate, the central 
spot will' become white, then bluish, and then black, after 
which the bubble will burst, from its extreme thinness at the 
place of the black spot The same change of color with tha 

* See Edinkurfk Jvumal ^ Scttnce^ No. I., p. 106. 
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thickness may be seen by placing a thick film of an evapora- 
ble fluid upon a clean plate of glass, and watching the effects 
of the diminution of thickness which take place in the course 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
plate of air, the colors of which he intended to investigate, is 
shown in fig, 57., where L L is a plano-convex lens, the 

Fig. 57. 




radius of whose convex surface is 14 feet, and Ha double 
convex lens, whose convex surfaces have a radius of 50 feet 
each. The plane side of the lens L L was placed downwards, 
80 as to rest upon one of the surfaces of t^e lens I L These 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under different 
degrees of pressure, and when the lenses L L, Z Z are at 
different distances, three clamp-screws, p,p,pj should be em- 
ployed, as shown in fig, 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact - 

When we look at these rings through the upper lens, so as 
to see those formed by the light reflected from the plate of air 
jiY^. 58. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
Y^ the following Table ; the colors- being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens 1 1 from below, we observe another set of rjngs or 
spectra formed in the transmitted light. Only five of these 
transmitted rings are distinctly seen, and thejr colors, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table ; but they are much more faint than those seen 
by reflexion. By comparing the colors seen by reflexion with 
those seen by transmission, it will be observed that the color 
transmitted is always complementary to the one reflected, or 
which, when mixed with it, would make white light 
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TabUtftkeColenqfT^nPlatetafAir^Water^and Cfkus, 



j«r Onlnaaf 
'Colons nckonad 
frnm the watn. 



First 

Spectrum 
or order 
of Colors. 



Colon pndnead st tlM tUeki 
ia th« iMt tbtaa oolamni 






TbUI 



Second 

Spectrum 
or order 
of Colors. 



Very UacF 

Black 

Beginninjr 

df black 
Blue 
White 
Yellow 
Orange 
Red 



\ 



Third 

Spectrum 
or order 
of Colors. 



Fourth 

Spectrum 
or order 
of Colors. 



FiVTH f 

Spectrum I 
or order I 
of Colors. (^ 

Sixth 
Spectrum 
or order 
of Color& 

Seykmth 

Spectrum 
or order 
c^ Color& 






Indigo 

Blue 

Green 

Yellow" 

Orange 

Bright red 

Scarlet 



Tratumiutd. 



lamtUioBtka 
of aa laeh. 



Air. 



White 



Yellowish red 

Black 

Violet 

Bine 



i 



2f 

7 

9 



Water. 



1« 



TT 

111 

I 



WEitT 

Yellow 

Red 

Violet 

Blue 



l4 
14 

161 
17| 

191 



Purple 

Indigo 

Blue • 

Green 

Yellow 

Red 

Bluish red 



Green 

Yellow" 
Red 

Bluish green 



21 

22A 

23| 

25} 

27| 

29 

32 



Hi 

13 
13| 

l4 



16? 
17AJ 

2l| 
24 



9? 

111 
111 



12 



I 



171 

18| 
20$ 



Bluish green 

Green 

Yellowish 

green 
Red 



\ 



Red 



Bluish green 



34 
S5^ 

36 

40J 



Greenish 

blue 
Red 

Greenish 

blue 
Red 



Red 




27 
30^ 



22 
22J 

23} 

26 



46 
52i 



34J 
39i 



\ 



Greenish 

blue 
Ruddy 
white 



58} 
65 



71 
77 



44 

48f 



29| 
34 



38 

43 



53| 
67J 



45J 
49| 
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The preceding colors are those which are seen when lifflit 

is reflected and trananitWd nearly perpendicularly ; but Sir 
IsBAC NewtQQ found that when the light was Teflected and 
transmitted oblkiuol;, the rings increased in atze, the saiiia 
color requiring a greater thickncEb to produce iL The colof 
d any film, theretbre, will descend to a color lower in, or 
nearer the beginning of, the scale, when it ia seen ohliquelj. 
S^ Such are the general phenomena of the colored ring* when 
^ Been by lehile lighL When -we place the lenses in homoge- 
neous light, or make the difiereot colore of the solar spectrum 
pass in succesion.over the lenses, the rings, which are always 
of the->Bame color aa the light, will be found to be largest in 
red light, and to contract gradually as they are teen in aJl the 
succeeding colors, till they reach their sEaaUest size in the 
violet rays. Upon measuring their diameters, Newton found 
them to nave the Ibllowiog ratio in the different colors at their 
boundaries; — 

Since white light is composed of all the preceding colors, the 
rings Been by it will consist of all the seven difierently color- 
ed systems of rings superposed aa it were, and farming, by 
their union, the dlSbrent colors in the Table. In order ta 
explain this, we hare constructed ths annexed diagram, fc-. 
69., on the supposition that eech ring or epectrum baa ^e 



mine breadth in homogeneous light which it actually has 
when it is fiwmed between Burftces nearly flat, or when 
the thickness of the plate varies with the distance irom the 
point of contact.* Let us tJien suppoee that we form such a 
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cnrstem of nngs with the seven colors of tiie spectrum, and 
that a sector is cut out of each ^stem, and placed, as in the 
figure, round the same centre (5. Let the angle of the red 
sector be 50<^, of the orange SO^', the yellow 40^ the green 
60°, the blue 60°, the indigo 40®, and the violet 80°, being 
360^ in all, so as to complete the circle. From the centre C 
set off the first, second, and third rings in all the sectors, with 
radii corresponding to the values in the preceding small 
Table. Thus, smce the proportional diameters of the ex* 
treme red and the extreme orange are 1 and 0*924, the mid- 
dle of the red will be in the midcUie between these numbers, 
or 0*962 ; and consequently the proportional diameter, or the 
radius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius &r the orange will 
be 0*904, for the yellow 0*855, for the green 0*794, for the 
blue 0*737, for the indigd 0-696, and for the violet 0*665. Let 
the red rings be colored red as they appear in the experiment, 
^e orange rings orange, and so on, each color resembling that 
of the spectrum as nearly as possible. If we how suppose all 
these colored sectors to revolve rapidly round C as a centre, 
the efiect of them all, thus mixed, should be the production of 
the colored rings as seen by white light As the diameter of 
each ring varies from the beginning of the red space to the 
end of it, and so on with all the colors, the portion of the 
ring in each sector i^uld be part of a spiral, and all these 
separate parts should unite in forming a smgle spiral, the red 
forming tiie commencement, and the violet the termination of 
the spiral for each ring. 

This diagram enables us to ascertain the composition of any 
of the rings seen in white light Let it be required, for ex-^ 
ample, to determine the color of the ring at the distance C m 
from the centre, m being in the middle of the second red ring. 
Round C as a centre, and with the radius C m, describe a cir- 
cle, m no p, and it will be seen from the different colors 
through which it passes what is its composition. It passes 
nearly through the very brightest* part of Uie second red ring, 
at m, and through a pretty bright part of the orange. It 
passes nearly through the bright part of the yellow, at n ; 
through the brightest part of the sreeh ; through a less bright 
part of the blue ; through a dark part of the indigo, at p ; 
and through the darkest part of the third violet ring. If we 
knew the exact law according to which the brightness of any 
fringe varied from its darkest to its brightest point, it would 
thus be easy to ascertain ' with accuracy the number of rays 

* la the figure, the brightest part is the moat shaded. 
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of each color which entered into the oompomtion of any of 
the rings seen by white light 

In o^ei to determine t£e thickness of the plate (^ air by 
which each color was produced, Newton found the squares of 
the diameters of the brightest parts of each to be in the 
arithmetical progression of the odd numbers, 1, 3, 5, 7, 9, &c., 
and the squares of the diameters of the obscurest parts in the 
arithmetical progression of the even numbers, 2, 4, 6, 8, 10 ; 
and as one of the glasses was plane, and the other s])herica], 
their intervals at these rings must be in the same precession. 
He then measured the diameter of the fifth dark ring, and 
foimd that the thickness of the air at the darkest part of the 
VtBsnt dark ring, made by perpendicular rays, was the t^.titq- 
part of an inch. He then multiplied this number by the pro- 
gression 1, 3, 5, 7, 9, &c., and 2, 4, 6, 8, 10, and obtained the 
wUowing results : — 

TUckiMM (If the air at the Thlckneai ot rhe air at Om 

■flat tamiaona parL moit otaeara part. 

FiRgrr Ring - - - yrfW - • - tttW ^^ TvMm 

Second Ring - - - i7 8? o<n - - - ttimtot 

Third Rmg - - - Tnynnr - - " Tnr?inra 

Fourth Rmg - - - rnlwinf " " - TfTwrer 

When Newton admitted water between the lenses, he 
fi>und the colors to become &inter, and the lings smtdler; 
and upon measuring the thicknesses of water at which the 
same rings were pr<^uced, he found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*000 to 1*336. From these data he 
was enabled to compute the three last columns of the Table 
given in page 93, which show the thicknesses in millionth 
parts of an inch at which the colors are produced In plates of 
air, water, and glass. These columns are of extensive use, 
and may be regarded as presenting us with a micrometer for 
measuring minute thicknesses of transpar^it bodies by their 
colors, when all otlier methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about T^i.^inj^th of an inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numbers, a dark and a colored ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer' rings crowd upon one another, and 
cease to become visihle finom this cause. This efl^t would 
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Obviously not be prqduced if they were formed by a solid film 
whoee tmiikiiiesd varied by slow grailations. ^ Upon this prin- 
i^ipile, Mr. Talbot hais pointed out a very beautitbl method of 
exhibiting^ these rings with phUes of glass and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
80 thin that it bursts,"" and hold any of the fragments in the 
light of a q^irit lamp with a salted wick, or in the light of 
any of the monochromatic lamps which I have elsewhere de- 
scribed, all of i^hich discharge a pure homojgeneous yellow 
li^ht, the suz&ce of these nhns will be seen covered with 
frmges alternately yellow and black, each fringe marking out 
fay its windings the lines of equal thickness in the glass film. 

'^nlifere the tiiidkness varies slowly, the fringes wif -be brotd 
tkud easily seen^ but where the vuriation takes |^aee rapidly, 

"4he fdnge^ are crowded together, so as ti> require amicfc^ 
^pe' to render IJiem visible. If we suppose any of the fiktM 
bf glass ib be only- the thousandth part of an inch thiek, the 
rings Which it exhibits will belong to the 89th order ; and if 
hluge rbiigh ]^bfe of this glass could be ^ with its thick- 

'nesd let^cendih^ io Hbe millionth part of «n mch by glow gtbr 
dations, the whde <^ those i^ tings, and fvdMAy many mor^, 

:wonld be distinctiy 'ns4>le to the e|^e. In or^'to produce 
inich ei^ts, the' light wovSA i!*eqiii]ie 'to be perfe<dly'bot60gB- 

"heoua 

The rin^ seen between the two lenses are equaSy vinMe 
whether aur or any othei- gas is used, imd even when tix^M 

~no gas at all ; 'for tiie rmgs are visibk in the eihaostiad |o- 

[ ceiver of an air-puiftp. 



CHAP. XIIL 

on THE 00UIB8 OV TSICiK PM^Tlllk 

(76.) Th;I! colors of thick pkteswere first dbeerved and 

described by $ir Isaab Newton, as produced by cdneaVd gfaas 

[ i^irrors. Admitting a beam of solar light, R, into a dark 

.room, through ati aperture a quarter of an inch In diameter 

'./ormei in 5ie window-shutter 'MN, he Allowed it to fkU upon 

lit fiflass.mirror,. A B, a quarter of an inch thick, qaicksilvered 

'behmd, having itk akis m the direction Rr, aiid the radius of 

the curvature of both its surfaces beinff equal to its distahoe 

' beJiin^ the aperture. . When a sheet # paper was plaeied on 

i'the 'windoW-«hutter M N, with a hole ih it to aHow the aun- 

>' " i. . . ■- • • • " I 

* Filini of iniea amwer ttfte pufpeM atiil better. 
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beun tonus, he observed the hole to be sarrounded with 
four or ^ve colored nngs, with sanietimeB traces of a sixdi 



K 





and seventh. When the paper was held at a greater or a leH 
distance than the centre of its concavity, the rings became 
more dilute, and gradually vanished. The colors of the rin^ 
succeeded one another like those in the transmitted system m 
thin {dates, as ^ven in colunm 3d of the Table in page 9dL 
When the light K was red the rings were red, and so on with 
the other colors, the rin£;B being krgest in red and amaltest 
in violet light Their cUameters preserved the same propor- 
tion as tho^ seen between the object passes; the squares of 
the diameters of the most luminous parts (in homogeneous 
light) being as the numbers 0, 2, 4, 6, &c, and the squares of 
the diameters of the darkest parts as the intermediate num- 
bers 1, 3, 5, 7, dtc With murrora of greater thickness the 
rings grew less, and their diameters varied inversely as the 
4KiuazB roots of the thickness of the mirror. When the quick- 
silver was removed, the rings became &inter ; and when the 
back sur&ce of the mirror was covered with a mass of oil of 
turpentine, they disappeared altogether. These &cts clearly 
prove that the posterior surfiice of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination increases^ 
and so also does the white round spot ; and new rings of ocdor 
emerge successively out of their common centre, and the 
white spot becomes a white ring accompanying them, and the 
incident and reflected beams always £dl upon the opposite 
parts of this white ring, illuminating its perimeter like two 
mock suns in the opposite parts of an ins. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the smv 
&ce of the mirror when it was covered with gauze or muslin, 
or wilii a skin of dried skimmed milk ; and Sir W. HerscheJ 
noticed analogous phenomena when he scattered hair-powde. 
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IB the air befiue a ooncave mimfr on which a beam of light 
was incident, and received the reflected light an a screen. 

(77.) The method which I have £>und to be the most sim- 
ple for ezhibitiDj? these colors, is to place the eye immediately 
.behind a small fiime from a minute wick fed with oil or wax, 
so that we can examine them even at a perpendicular inci- 
dence. The colors of thick plates may be seen even with a 
common candle held before the eye at the distance of 10 or 
12 feet from a common pane of crown g^lass in a window that 
has accumulated a little fine dust upon its surface, or that haa 
on its surface a fine deposition of moisture. Under these 
circumstances they are very bright, though they may be seen 
even when the pane of glass is clean. 

The colors of thick plates may, however, be best displayed, 
and their theory best studied, by using two plates of glass of 
equal thickness. The phenomena thus looauced, and which 
presented themselves to me in 1817, are highly beautiful, cmd, 
as Mr. Herschel has shown, are admirably fitted for Uius- 
trating the laws of this class of phenomena. In order to ob- 
tain plates of exactly the same thickness, I formed out of the 
same piece of parallel glass two plates, A B, C D, and having 
placed between them two pieces of soft wax, I pressed them 

to the distance of about one tenth 
of an inch f^om each other; and by 
pressing above one piece of wax 
more than another, 1 was able to 
give the two plates any small incli- 
nation I chose. Let AB, C D then 
be a section of the two plates, thus 
inclined, at right an^gles to the com- 
mon section of their surfaces, and 
let R S be a ra]^ of li^ht incident 
nearly in a vertical direction and 
proofing fix)m a candle, or, what 
IS better, from a circular disc of 
condensed light subtending an an* 
gle of 2^ or 3^. If we place the eye l^hind the plates, when 
they are parallel we shall see only an image of the circular 
disc; but when they are inclined, as in the figure, we shall 
observe in the direction V R several reflected images in a 
row besides the direct image. The first or the brightest of 
these will be seen crossed with fifteen or sixteen beautiful 
fringes or bands of color. The three central ones consist of 
blackish or whitish stripes ; and the exterior aaea of brilliant 
bands of red and green light The direction of these bands 
18 always paiallef to the common section of the inclined 
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fl&M»8. ^ese colored bands increase in breadth tiiy ditoinisfi- 
ing the inclination of the plates, and diminish hj increasing 
their inclination. When the light of the luminous circular 
object Mh oblI(juely on the first plate, so that the plane of in- 
ddence is at right angles to the section of the plates, the 
fjringes are not distinctly visible across any of the images; 
but their distinctness vi a maximum when the plane of mci- 
dence is parallel to that section. The reflected images of 
course become more Inright, and the tints more vivid, as the 
angle of incidence becomes ^eater; when the angle of inci- 
dence increases from 0^ to 90°, the imagies that have sufilered 
tiie greatest number of reflexions are crossed by other fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first image so as to perceive the image formed by 
a isec^nd reflexion within the first plate, and if we view the 
image through a small aperture, we shall observe colored 
bands across the first image fa surpassing m precision of 
outline and richness of coloriiig any analogous phenomenon. 
When theise frin^ are agfain oonc^ealed, others are seen on 
tiie image immediately behhid them, and fi^rmed by a third 
reflexion fix)m the interior of the first plate. 

If we bring the plate C D a little farther to the right hand, 
and make the ray R S fall first upon the pl9,te C D, and be 
afterwards reflected back upon the first plate A B, from both 
the sur&ces of C D, the same colored bands will be seen, 
^he progress of the rays through the two ^tes ia shows in 
the figure. 

When the two plates have the i&rm of concave and cbuvex 
lenses, and are combmed, as in the double and triple achro- 
Ihatic object glass, a series of the most splendid systems c^ 
nhgs are developed; and these are sometimes crossed, by 
ettiers of a difibtent kind. I have not yet; had leisure to pjiib- 
li^h an account of the numerous observations I have madef on 
thttr curious class of phenomena. • 

' lit viewing films of blown glass in homogeneous yellow 
Ifght, and even ill common day-light, Mr. Tal£)t has observed 
flmt wheii two films are placed together^ bright and obscure 
fringes, or cc^red fringes of an irre^lar form, are produced 
Itetween them, though exhibited by neither of them separately. 



OOliOBa OF FIBBB8. 



101 



CHAP. XIV. 

ON THE OOUniS OF IIBRES AND OBOOYKD BVtOrkCEB, 

(78.) When we look at a candle or any other luminous hodj 
through a plate of glass covered with vapor or with dust in a 
finely divided state, it is surrounded with a ocffona or ring of 
colorsy like a halo round the sun or moon. These rin|vs increase 
as the size of the particles which produce them is dmiinished; 
and their brilliancy and number depend on the unifi)rm size of 
these particles. Minute fibres, such as those of silk and wool, 
.produce the same series of rings, which increase as the diameter 
of the fibres is less ; and hence Dr. Young proposed an in- 
strument called an eriometer, for measuring the aiameters of 
minute particles and fibres, by ascertaining the diameter of 
any one of the series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the one to be measured. The eriometer is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
hedf an mch in diameter, and perforatei^ with about eight 
amall holea The fibres or particles to be measured are fixed 
in a slider, and the eriometer being placed before a strong 
light, and the eye assisted by a lens applied behind the smau 
hole, the rings of colors will be seen. The slider must then 
be drawn out or pushed in till the limit of the red and green 
rin£f coincides with the circle of perforations, and the index 
will dien show on the scale the size of the particles or fibrea 
The seed of the Ivcoperdon bovista was found by Dr. Wbl« 
laston to be the 8500dth part of an inch in diameter ; and as 
this substance gave rings which indicatedSl^^ on the scale, it 
follows that 1 on the same scale was the 29750th part of an 
inch, or the 90,000dth part The following Table contains 
some of Dr. Young's measurements, in thirty-thousandths of 
an inch : — 



Milk diluted indistinct . 
Dost of lyeoptrdan bovUta 
BaUock*8 blood . . . 
Smut of barley . • . 
Blood of a mare . . . 
Human Uood diluted with 

water 

Pus ...... . 

Silk 

Beaver's wool .... 
Mole's fiir 



3 

6 

7i 
12 
13 
16 



12 



Shawl wool 19 

Saxon wool 23 

Lioneza wool 25 

Alpacca wool 26 

Farina of laurettinua . • 26 

RyeloDd Merino wool . • 27 

Merino South Down . . 28 

Seed of lyeopodium . • • 33 

South Down ewe .... 39 

Coarse wool 46 

Ditto firom some worsted . 60 



(79.) By observing the colon produced by reflexion fixim 
the fibres which compose the crystalline lenses of the eyes of 
fishes and other anin^al?, I have bee^ able tbp trace tjlji^s^ fibres 
to their origin, and to determine the number of poles or septa 
to which they are related. The same mode <k observation, 
and the measurement of the distance of the first colored 
image fKxn the white image, has enabled me to determine the 
diameters of the fibres, and to prove that they all taper like 
needles, diminishing gndually m>m the e(|uator to the -polea 
of the lens, so as to allow them to pack into a spherical su- 
perficies as they converge to their poles or ^points of ori^n. 
These colored images^ produced by uie fibres of the lens, lie 
in a line perpendicular to the dh'ection of the fibres, and by 
taking an impreesbn on wax finom an indurated lens the colors 
are commumcated to the wax. In several lenses T observed 
Colored images at a great distance firom the common image^ 
bot lyin^ in a direction coincident witii that of the fibres; and 
from this I infbrred, that the fibres were crossed by joints or 
Hnes, wikOt^ distance was so small as the ll,000dth part of aa 
inch ; and I have lately found, by the use of very powerfiil 
microsoopes, that each fibre has m this case teeth like those 
df a rack, of extreme minuteness, the colors being produced 
hy the lines which form the sides of each tooth. 

(80.) In the same class of phenomena \^e must rank die 
wmcipal cdors of mother-of-pearL This substance, obtainecf 
mnn the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colors is therefbre well known; 
in order to observe its colors, take a plate of regularly formed 
mother-of-pearl, with its surfaces nearly paraUel, and grind 
these surnces upon a hone or upon a plate of glass with the 
powder of schikus^ till the image of a candle reflected from 
the surfkces is of a dull reddish-white color. If we now place 
the eye near the pkte, and look at this reflected image, C, we 




M 





&all see on one side of it a prismatic linage. A, glowing with 
all the colors of the rainbow, and forming indeed a spectrum 
of the candle as distinct as if it had been formed by an equi- 
lateral prism of flint glass. The blue side of this image is 
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next the image C, and the distance of the red part of the 
image is in one specimen 7^ 22' ; but this angle varies even 
in the same specimen. Upon first looking into the mother-of- 
pearl, the image A may be above or below C, or on any side 
of it \ but, by turning the specimen round, it may be broi^ht 
either to the ri^ht or left hand of C. The distance A C is 
smallest when the light of the candle falls nearly perpen- 
dicular on the surface, and increases as the inclination of the 
incident ray is increased. In one specimen it was 2° 7' at 
nearly a perpendicular incidence, and 9^ 14' at a very great 




On the outside of the image A there is invariably seen a 
nia^ M, of colored lig^ht, whose distance M C is nearly double 
AC. These three images are always nearly in a straiglvt 
line, but the angular distance of M varies with the angle of 
incidence according to a law different from that of A. At 
great angles of incidence the nebulous mass is of a beautiful 
crimson color; at an angle of about 37^ it becomes green ; 
and nearer the perpendicular it becomes yellowish-white, and 
very luminous. 

If we now polish the surface of the mother-ofpearl, the 
ordinary image C will become brighter and quite white, but a 
second prismatic image^ B, will start up on the other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro* 
perties as the first Its brightness increases with the polisb 
of the sur^e, till it is nearly equal to that of A, the lustre 
of which is slightly im^ired by polishing. This second 
image is never accompanied, like the first, with a nebulous 
mass M. If we remove the polish, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebubus mass M 
is improved by polishing. 

If we repeat these experiments on the opposite side of the 
specimen, the very same phenomena will be observefd, with 
this difference only, that the images A and M are on the op- 
posite side of C. 

In looking through the mother-of-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed, 
The colors and the distances of the images are the same ; but 
the nebulous mass M is never seen by transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
br^ht when seen by transmission, and vice versd, 

fii making these experiments, I had occasion to fix the 
mother-of-pearl to a goniometer with a cement of resin and 
bee^'-wax ; and upon removing it, I was surprised to see the 
Thde sui&ce of the wax shining with the prismatic colors of 
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the motber-of-pearL I at first thought that a small film of the 
substance had been left upon the wax; but this was soon 
found to be a mistake, and it became manifest that the mother- 
of-pearl really impressed upon the cement its own power of 
producing the colored spectra. When the unpolished mother- 
of-pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished surface was used, it gave 
both A and B : but the nebulous image M was never exhibited 
by the wax. ^ The images seen in the wax are always on the 
opposite side' of C, from what they are in the sur&ce that is 
impressed upon it. 

The colors of mother-of-pearl, as communicated to a soft 
surface, may be best seen by using black wax ; but I have 
transferred them also to balsam of Tolu, realgar, fusible 
metal, and to clean surfaces of lead and tin by hard pressure, 
or the blow of a hammer. A solution of gum arabic or of 
isinglass, when allowed to indurate upon a surface of mother- 
of-pearl, takes a most perfect impression fh)m it, and exhibits 
all the communicable colors in the finest manner, when seen 
either by reflexion or transmission. By placing the isinglass 
between two finely polished surfaces of good specimens of 
mother-of-pearl, we shall obtain a film of artificial mother-of- 
pearl, which when seen by single lights, such as that of a 
candle, or by an aperture in the window, will shine with the 
brightest hues. 

5 in this experiment, we could make the grooves of the 
one surface of mother-of-pearl exactly parallel to the grooves 
in the other, as in the shell itself, the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen through the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion from the second surface of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configuration 
of surface, which, like a seal, can convey a reverse impres- 
sion of itself to any substance capable of receiving it By 
examining this surface with microscopes, I discovered in 
almost everv specimen a grooved structure, like the delicate 
texture of the skin at the top of an infant's finger, or like the 
section of the annual growths of wood, as seen upon a dressed 
plank of fir. These may sometimes be seen by the naked eye, 
out they are often so minute that 3000 of them are contained 
in an inch. The direction of the grooves is always at right 
angles to the line M A C B, fig. 62. ; and hence in ure^larly 
fi)rmed mother-of-pearl, where the grooves are often circular. 
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ajid hnving every possible direction, the colored images A, B' 
are irregularly scattered round the common image C. If tiie 
grooves were, accordingly, circular, the series of prismatic, 
imagesj A B, would form a prismatic ring round C, provided 
the grooves retained the same distance. The general distance' 
of the grooves is from the 200th to the 5000th of an inch, and 
the distance of the prismatic imafges from C increases as the 
grooves become closer. In a specimen with 2500 in an inch, 
the distance A C was 3^ 41' ; and in a specimen of about 
5000 it was about 7° 22'. 

These grooves are obviously the sections of all the con* 
centric stratk of the shell. When we use the actual sur&ccr 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicates 
none of its colors to wax, and why it shines with that delicate 
white light which gives it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, whicli 
Sir Everard Home conceives to be one of the ova of the fish. 
None of the edffes of its strata are visible, and as the strata 
have parallel somces, the mass of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
mother-of-pearl it is reflected from surfaces of the strata, in- 
clined to the general sur&ce of the specimen which reflects 
the image C. The mixture of all these difluse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
to& blue or too pmk, one or other of these ootois has pre^ 
ddminated. If we make an oblique section of a pearl, so an 
ib esdiiibit a sufficient number of concentric strata, with tbeir< 
edges ioklrMy close, we should observe all the oemmunioahle 
^Idrs of mother-of-peai'l* 

• These phenomena may be observed in many other sbelhi 
iiesidesthat of the pearl-oyster; and in every case we may 
dlstingtiish communicable from incommunicable colors, by 
placing si film of fluid or cement between the sur&ce and a* 
plate of ghuB. The conmmnicable colors will all disappear 
nom the filling up of the grooves, and the incommumcable 
6cAar9 wfll be rendered more brilliant 

(81.) Mr. Heiflchel has discovered in very thin plates of 
iBi^er-of-pearl another pair of nebulous prismatic images^' 
more ^stant from C than A and B, and also a pfiir of fidnter 
nebolons images, the line joining which is always at right 

■ ' ■ ■ ■ I . ■ ■ ■ ■ . ^ ■■ ■ ■ M 

* See KtUniurgk Journal qfSeienctt No. XII., p. 9T7, 
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angles to the line joininE the first pair * These images are 
■een by looking ihTOXigh a thin piece of mother-of-pearl, cut 
parallel to the natural surface of the •shell, and between the 
70th and the SOOdth of an inch thick The; are much lar^r 
than A and B; and Mr. Herschel ibund that the line joining 
them was alwajs perpendicular to a veined structure which 
goes through its substance. .The distance of the red part of 
the image from C was found to be 16° 29', and the veins 
which produced these coSoib were eo small that 3700 of them 
were contained in an inch. We have represented them ia 
fig. 63. as crossing the ordinary eroovea wnich give the coni- 
municaUe colors. Mr. Herschel describes them aa croaeiBg 



tbMe gioovet at all angles, "giving the whole Kit&ce moch 
the (ippauwice of a ^aece of twilled silk, or the larger waves 
cf the sea intersected with minute ripplings." The Second 
pair of -nebnlaas images seen by IransmusioD must aiise from 
a veined structure exactly perpendicular to the first, tbou^ 
the structure has not yet been reco^zed by the microactxie. 
The structure which produces the lightest pair Mr, Herschd 
has iband to be in all cases coincident with the plane puling 
through the centres of the two systems of polarized rines. 
The principle of the production of color by groovtS i 
taceSi and of the common icability of these colors W preas 
to various substances, has been happily applied to the arts by 
John Barton, Esq. By means of a delicate engine, operating 
bjr a screw of the most accurate workmanship, he W sac- 
■seeded in cutting grooves npcMi steel at the distance of fjroot 

■ In ■ (peciuan now twCore u. Um llntjoininf lbs two fl 
initn iiai rj(bt antle* lo lti«1iB«Joiniiif A indB. 
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the 2000th to the 10,000th of an inch. These lines are cnt 
with the point of a diamond ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
mother-of-pearl we see only one prismatic ima^re, A, on each 
side of the conunon ima^, C, of the candle, m the grooved 
steel sur&ces 6, 7, or 8 prismatic images are seen, consisting 
of spectra, as perfect as those produced hv the finest prisms. 
Nothing in nature or in art can surpass this brilliant display 
ot colors ; and Mr. Barton conceived the idea of fimning mit- 
tons for gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, uid 
shining in the light of candles or lamps with all the hues of 
the spectrum* To these he gave the appropriate name of Iris 
ornaments. In forming the outtons, the patterns were drawa 
<m steel dies, and these, when duly haidened, were used t3 
stamp their impressions upon polished buttons of brass. la 
day-liffht the colors on these buttons are not easily distinguish 
ed, umess when the surface reflects the margin of a danc 6b« 
ject seen against a light one ; but in the light of the sun, ana 
that of gas-flame or candles, these colors are scarcely if at a^ 
surpassed by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, ismglass, tin, lead, and other substances; and 
by indurating thin transparent films of isinglaas between two 
of these grooved surfaces, covered with Imes lying in all di- 
rections, we obtain a plate which produces by transmissiQa 
the most extraordinaiy display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by some of 
the finest specimens of Mr. Barton's akiU, which he had the 
kindness to execute for this purpose, X have been led to the 
observation of several curious propertiefi of light In mother- 
of-pearl, well polished, the central image, C, of the candle or 
luminous object is always white, as we shotdd expect it to be, 
in consequence of being reflected from the JSat and polished 
sur&ces between the grooves. In like manner, in many 
specimens of grooved steel the image C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
image A, which is nearest C, being the least disoersed, and 
all me rest in succession more and more dispersed, as if they 
were formed by prismls of greater and greater dispersive 
powers, or greater and greater refracting angles. These spec*" 
tn. contain the fixed lines and all the prismatic colorpi; but th^ 
red or least refvaiigiUe ^Mces are greatly expanded^ and the 
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Mofel or maet, lefiangible apacea gre&tlj eontraeted, even toon 

tMu in the ^>e<:Ua produced by eulphuric acid. 

la eumUuHF someof theae prismatic imageB which seemed 
to be defective m particuJar cays, I was surjjiiaed to find that, 
in the apecimeus which pirodaced them, the image C reflected 
kom the pohshed ori^intil surface of the eteel was iteelf 
slightly colored; that its lint varied with the angle of inci- 
dence, and had same relation lo the defalcation of color in ths 
prismatic im^es. In order to observe theae phenomeoa 
tjiiaugb,a great range of incidence, I substituted for the c&n- 
die a Umg narrow rectangTilar aperture, formed by nearly 
eloaiag the window-ahutters, and I then saw at one view the 
riate of the ordinary image and all the priamatic images. In 
ordw la wiieratuid thia, let A B, ^.64., be the onUnarjr 



bnagt of the apMture reflected from the flat auiftce of Hm 
steel which lies between the groovea, asid ab,a'V, tft>",ius., 
tiie prismatic images on each aide of it, every one of these 
images forming a complete apectrum with ill its dJArant 
ecdora. The image A B waa croeead in a direction perpen- 
dicular to i(a iM^fi *^ bcmi eebnd fi'^^ 'ntfiag in 
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tjuoction of pmk and ) kq m 
blue . - - \^^^ 



Blue - - - - 

Bluish ^een 

Yellowish green 

Whitish green - 

Whitish yellow - 

Yellow - . - 

Pinkish veUow - 

Pink red - - - 

Whitish pink 

Green - - - 

Yellow - - - 

Reddish - •> - 



their tints from 0^ to OOP of incidence. In a specimen with 
1000 grooves in an inch, the ^flowing were the colors dis- 
tinctly seen at different angles of incidence : — 

Aagto or Inddeiwa. 

White - - - - 90<^ 0' 
Yellow - .. - 80 80 
Reddish oirange - - 77 30 

Pink 76 20 

Junction of pink and ^jkaq 

blue - . - C 

.Brilliant blue . - 74 80 

. Whitish . • - - 71 

Yellow .. - - 64 45 

Pink - .... 50 46 



A^gtoeftih^,.,—, 

- 56^ 0* 

- 54 30 

- 53 15 

- 51 

- 49 

- 47 15 

- 41 
• 86 

- 31 

- 24 

- 10 

- 





Q 





These colors are those of the reflected rings in thin plates. 
If we turn the steel plate round in azimuth* the very, same 
.colors appear at the same angle of incidence, and they njjffer 
yuo change either by varying the distance of the tieel piaU 
from the luminous aperture^ or the distance qf the eye ^fthe 
observer from the grooves. 

In the preceding table there are four orders of colors ; but 
in some specimens there are only (,hree, in others two, in 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves in an inch gave 
only the y^ow of the first order through the whole qua&ant 
of incidence. A specimen of 1000 grooves ffave only one 
complete order, wiUi a portion of the. next A specimen of 
3333 grooves gave only the yellow of the first order. A spe- 
cimen of 5000 gave a little moi^e than one order ; and a spe- 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

In fg. 64. we have represented the portion of the quadrant 
of incidence from about 22® to 76®. In the first spectrum, 
a 5 a 6, V i; is the violet side . of it, and r r the red side of it, 
and between these are arranged all the other colors. At m, 
at an incidence of 74S the violet light is obliterated from the 
spectrum a b ; and at n, at an incidence of 66®, the red rays 
ore obliterated ; the intermediate CK)lor8, blue, green, &c., beii^ 
Ql)literated at intermediate points between m and n. In the 
second spectrum, a' b' a' b\ the ino2e^ rays are obliterated at 
m' at an incidence of 66® 20', and the red at n' at an inci- 
dence of 56®. In the third spectrum, a"b"a"b'\ the violet 
rays are obliterated at m" act 57®^ aiid the red at n" at 41® 
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86'; and in the fourth spectrum, the violet niya ore oblit- 
erated at fa'" at 48°, and the red at n'" at 23° M". A simi- 
lar succeasioa of oMiterated tints takes place on all the pris- 
matic images at a lesaer incidence, as edowh at f r, ji' r' ; the 
violet being obUtemted at fi and f', and the red at v and r', and 
tbe intermediate cokira at intermediate points. In this 
second auecesaion the line (■• begina and ends at the same 
angle of incidence pe the line m" n" in the third prismatic 
miage a" b", and the line fi' t^ in the second priamatic jmacB 
corresponds with m'" n'" on the fourth prismatic image. In 
all these cases, the tints oUiteiated in tbe direction mn /it, 
3ic., would, if restored, form a complete prismatic spectrum 
whose length ia mn ft, &c. 

Considering the onlinary linage as white, a similar obliteiv- 
tion of tints takes place upco it The violet is oUitenited at 
about 76°, leaving pink, or what the violet wants of white 
light ; and the red is obliterated at p at 74°, leaving a bright 
-blue. The violet is obliterated at g and s, and the red at r 
and (, ai may be inferred from the preceding Table of colors. 

The analysis of these curious and apparently complicated *• 
riienomena becomes very simple when tney are examjned by 
homogeneona light The effect produced on red light is re- 
presented in Jig. 65., where A B is the image of the narrow 
Fig. 65. aperture reflected from the original 

suifece of the steel, and the four images 
on each side of it correspond with the 
prismatic images. All these nine 
images, however, consist of homogene- 
ous red light, which is obliterated, at 
nearly so, at the litleen shaded rectan- 
gles, which are the minima of tbe new 
series of periodical colors which cross 
both the ordinary and the lateral images. 
The centres y, r, I, n, v, &c, of these 
rectandea correspond with the points 
marked with the same letters in ^g-. 
64 ; and if we bad drawn the same 
figure for violet light, the centres of 
the rectangles would have been all 
higher up in the figure, and would 
have COTresponded with o, q, s, m, ft, 
&c. in Xf. 64. The rectangles should ' 
have been shaded off to represent the 
phenomena accurately, but the only 
otgect ot the figure is to show to 
tbe ej^ the position and rehLtiona of 
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If we cover the sarfiice of the grooved steel with a fluid, 
so as to diminish the refractive power of the sur&ce, we de> 
velope more orders of colors on the ordinary image, and a 
firreater nomber of minima on the lateral images, higher tints 
beinff produced at a given incid^ice. But, what is very r^ 
markable, in grooved surfaces when the ordinary image is 
perfectly white, and when the spectra are complete without 
any obliteration of tints, the application of fluids to the 
grooved surfiice developes colore oa the ordinary image, and a 
corresponding obliteration of tints on the lateral images. The 
followmg Tme c^mtains a few of the results relative to the 
onJinaiy image -^ 



Hunter of 
groftTM la 

■alack. 

■ 



312. 



3333 



MaximoB ttat 
wtlbost a Said. 



Perfectly white. 



( Gamboffe yellow, 
( of the first order. 



Mastaiam flat vMi tai^ 



\ 



1. Water, tinge of yellow. 

2. Alcohol, tinge of yellow. 
t 3. Oil of csBBia, faint reddith yellow. 
"" 1. Water, pinkith rod (fint oider> 

2. Aloohol, reddiih pink. 

3. Oil of cassia, bright blae (second 

order). 



Phenomena analogous to those above described take place 
upon the grooved suiflices of gold^ silver, and calcareoua 
spar; and upon the surfitcesof Hn, isinglass^ realgar^ &c., 
to which the moves have been transferred from steel. For 
an account of the j^enomena exhibited by several of these 
substances, I must refer the reader to the original memoir in 
the Philosophical Transactions for 1829. 



V.., 



CHAP. XV. 

ON Wm Of RirCBXION AND TSAN8M1B8I0N, AND ON TRK 

INTERFERENOB OF LIGHT. 

(88.) In the preceding chapters we have described a very 
extensive class of phenomena, all of which seem to have the 
same origin. From his experiments on the colors of thin and 
of thick plates, Newton inferred that they were produced by 
a singular pr6perty of the particles of light, in virtue of 
which they possess, at different points of Sieir path, fits or 
dispositions to be reflected from or transmitted by transparent 
boaies. Sir Isaac does not pretend to explain tbe origin of 
these fits, or the cause which produces them ; but we may 
form a tolerable idea of them by supposing that each particle 
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of light, after its discharge from a luminous hodjr, revolvea 
round an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of its motion an irttractive 
end a repalsive pole, in virtue of which it will he refracted if 
the attractive pole is nearest any refracting surface on which 
it fidls, and reflected if the repulsive pole is nearest that sur- 
&ce. The disposition to he refracted and reflected will of 
course increase and diminish as the disttiUce of either pole 
from the sur&ce of the hody is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by sup- 
posing a body with a sharp and a blunt end passing through 
space, and successively presenting its sharp and Munt ends to 
the line of its motion. When the sharp end encounters any 
soft body put in its way, it will penetrate it ; but when the 
blunt end encounters the same body, it will be reflected or 
driven back. 

To explain this mcure clearly, let K,ji^. 66., be a ray of 
Jght fiilling upon a refracting surface M N, and transmitted 

by that suHace. It is clear diat it must 
have met the surfkce M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactly at its 
fit of transmission, or a little fifom it, it is 
put, by the action of the snr&cc, into thi» 
same state as if it had begun its fit of trans^ 
mission at t. Let us suppose tbat^ afler it 
has moved through a space equal to f r, its 
fit of reflexion taJes pkce, the fit of trans* 
t'L^ mission always recommencing at 1 1\ &c. 

and that of reflexion at r r'» &c. ; then it is obvious, that if 
the ray meets a second transparent surface at 1 1', &c., it will 
be transmitted, and if it meets it at rr', &c., it will be reflected. 
The spaces t f , t' t" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces 1 1\ r r', &c are supposed equal 
for light of the same colors, it is manifest that, if M N he the 
first surface (rf a body, the ray' will be transmitted if the 
thickness of the body ]att',t t", &c. ; that is, tf,2tt%S t f ', 
4 1 «', or any nmltiple whatever of the interval of a fit of easy 
tianemission. In like manner the ray will be reflected if the 
thickness of the body }atr,tr'; or, since 1 1' is equal to r r', 
if the thickness of the body is | n', \\t t\ 2i t V, 3^ t i\ 
If the body M N, therefore, had parallel surfkces, and if the 
eye were placed above it so as to receive the rays reflected 

Crpendicularly, it would, in every case, see the sur&ce M N 
the portion of light uniformly reflected from that sur&ce ; 




imxr. XT. TaEosr of nra. 118 

but when the thickneaa of the body was n', 2 1 1', 3 ( f , 4 ( 1' 

or 1000 t f, the eye would receive no rays tram the secoDd 
surface, because they ore all transmitted; and in like manner, 
if the tbicknesa was J I (', 1\ t V, 2k t V, or 1000^ ( I', the eye 
would receive ali the light reflected from the second surface, 
because it is all reflected Whan this reflected light meets 
the flrst snrtiice M N, on its way to the eye, it is all trans- 
mitted, because it is then in its ht of transmiseion. Hence, 
in the first case, the eye receives no light from the second 
Bur&ce, and in the tearad case, it receives all the light from 
the second sur^e. If the body had intermediate thicknesses 
between 1 1' and 2 1 1', Si-c, as ^ It', then a portion of the 
light would be reflected 6om the second surfece, increasbg 
«8 the thickness increased from t f to 1^ f t', and diminishing 
again as the thickness increased from 1^ ( {' to 3 ft'. 

But let us now suppose that the plate whose sur&ce is M N 
is unequally thick, like the plate of air between the two 
lenses, or a film'of blown glass. Let it have its thickness 
varying like a wedge M N P,^g-. 67. Let ( t', rr' be the in- 
tervals i£ the flls, and let the eye be placed above the wedge 
as before. It is quite clear that near the pobt N the light 
that falls upon the second surface N F will be all transmitted, as 
it is in a fit of transmission ; but at the thickness t r the light 
B will be reflected by the second surface, because it is then 
in its fit of reflexion. In like manner the light will he trans- 
initted at t, again reflected at r', and again transmitted at t" ; 
ao that the eye above M N will see a series of dark and 
luminous bands, tie middle of the dark ones being at N, (', 1" 
io the line N P, and of' the luminous ones at r, r', dec in the 
«r.ST. 



same line. Let us suppose that the figure is suited to red 
homogeneous light, I V being the interval of a fit for that 
species of lays ; then in violet light, V, the interval of the fits 
will be leas, as Tp. If we therefbrs use violet light, the in- 
K2 
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terval of whose fits is rp, a smaller series of violet and oft- 
scure bands or frioges will be seen, whose obscurest points 
are at N, t', r", &c., and whose brightest points are at ^ 'f>, 
&c. In like manner, with the intermediate colors of the 
spectrum, bands of intermediate magnitudes will be formed, 
having their obscurest points between r* and f, t" and t", and 
their brightest points between p and r, p' and r*, &c. ; and 
when white light is used, all these differently colored bands 
will be seen forming fringes of the different orders of colors 
given in the Table in page 9S, If M N P, in place of beings 
3ie section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sur- 
mce has an oblique direction somewhat like N P, the direction 
of the colored bands will always be perpendicular to the 
radius N M, or will be regular circles. For the same reascoi, 
the colored bands are circular in the concave lens of air be- 
tween the object glasses; the same colors always appearing 
at the same thickness of the medium, or at the same distance 
from the centre. , 

By the same means Sh* Isaac Newton explained the colons 
of thick plates, with this difference, that the fringes are not 
in that case produced by the li^ht regularly refracted and re- 
flected at the two surfaces of the concave mirror, but by the 
light irregularly scattered by the first surface of the mirror 
ia consequence of its imperfect polish : for, as he observe^ 
'* there is no glass or speculum, how well soever policed, but^ 
besides the Tight which it refracts and reflects regularly, 
iscatters every way irregularly a fiiinl light, by means of 
which the polished surface, when illuminated in a dark room 
by a beam of the sun^s light, may be easily seen in all posi- 
tions of the; eye." 

The same theory of fits aflbrds a ready explanation of the 
phenomena of doublie and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however,, to which it is not equally applicable ; and 
it has accordingly been, in a great meSsure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes witliin the 
shadows of bodies as formed by mflexion. Dr. Young found 
that when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
fig, 56., so as to intercept all the light on that side by receiv- 
ing the edgie of the shadow on the screen, then all the fringes 
in the shadow ccoistantly disappeared, although the light still 
passed by the other edge of the body as before. Hence he 
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c6hcluded that the light which passed on hoth sides was ne- 
cessary to the production of the fringes ; a conclusion which 
he might have deduced also from the known fact, that when 
the hody was above a certain size, fringes never appeared in 
its shadow. In reasoning upon this conclusion. Dr. Young 
was led to the opinion, that the fringes within the shadow 
were produced by the interference of the rays bent into the 
shadow by one side of the body B toith the rays bent into the 
shadow by the other side. 

In order to explain the law of inter ference indicated in thia 
experiment, let us suppose two pencils of light to radiate from 
two points very close to each other, and that thi . light falls 
upon the same spot of a piece of paper held parallel to the 
line joining the points, so that the spot is directly opposite the 
point which bisects the distance between the two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
another. The spot will, therefore, be illuminatSl with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot on 
the paper being equaUy distant from both the nidiant points. 
Now, it hajs been found that when there is a certain minute 
difference between the lengths of the paths of the two pencils 
of light, the spot upon the paper where the two lights inter- 
fere IS still a bright spot illuminated by the sum of the two 
lights. If we call this difference in the lengths of tlieir paths 
d, bright spots will be formed by the interference of the two 
pencils when the difierences in the lengths of the paths are 
cf , 2 (2, 3 c/, 4 d, &c. All this is nothing more than what is 
consistent witli daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is I (Z, 1^ c2, 24 (2, 3^ d^ &c. instead of adding to one 
another^s intensity, and producing an illumination equal to tlie 
sum of their lights, they destroy each other, and produce a 
dark spot This curious property is analogous to the beating 
of two musical sounds nearly in unison with each other ; tlie 
beats taking place when the effect of the two sounds is equal 
to the sum of their separate intensities, corresponding to the 
luminous spots or fringes where the effect of the two lights is 
equal to the sum of tiieir separate intensities, and the cessa* 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots or fringes where 
the two lights produce darkness. 
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By the aid of this doctrine the phenomena of the inflexion 
of lig^ht, and those of thin and thick plates, may be well ex- 
plained. With regard to the interior fringes, or those in the 
shadow, it is clear tliat as the middle of the shadow is equally 
distant from the edges of the inflecting body B, fig. 56., there 
will be no difference in the length of the paths of the pencils 
coming Irom each side of the body, and consequently along 
the middle of Uie whole length of every narrow shadow there 
should be a white stripe illuminated with the sum of the two 
inflected pencils ; but at a point at such a distance from the 
centre or the shadow that tne diflerence of the two paths of 
the pencil from each side of the bod^ is equal to ^ c^, the two 
pencils will destroy each other, and ^ive a dark stnpe. Hence 
there will be a dark stripe on each side of the central bright 
one. In like manner it may he shown, that at a point at such 
a distance from the centre of the shadow that the difference 
in the lengths of the paths is 2 (2, 3 d^ there will be bright 
stripes; and at intermediate points, where the diflerence in 
the lengths of the paths is 1^ (^, 2^ <2, there will be dark 
stripes.* 

In order to explain the origin of the external fringes, both 
Dr. Young and M. Fresnel ascribed them to the interference 
of the direct rays with other rays reflected from the margin 
of the inflecting body ; but M. Fresnel has found that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufficiency of the explanation, even 
if such reflected rays did exist. He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected from the 
second surface of the plate interferes with the light reflected 
from the first, and as these two pencils of light come from dif^ 
ferent points of space, they must reach the eye with different 
lengths of tMith& Hence they will, by their interference, form 
luminous fringes when the difference of the paths \a d,2d, 
3 d, &c., and d>scure fringes when that difference is 4 <2, 11 <2^ 
^ d, ^d,&DC. 

In accounting for the colors of thick plates observed by 
Newton, the light scattered irregularly from every point of 
the first surface of the concave mirror flills diverging on the 

*See Note No. V., by Am. ed., following the author^i Appendix. 
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second sur&ce, and being reflected from this surface in lined 
diverging from a point behind, they will suffer refraction in 
coming out of the first surface of the mirror, being made to 
diverge as if from a point still nearer the mirror, but behind 
its surface. . fVom this last point, therefore, the screen M N, 
ul fig' ^-9 is illuminated by the rays originally scattered on 
^nterin^ the first surface. But vdien the regularly reflected' 
light, aner reflexion from the second surface, emerges from 
the first, it will be scattered irregularly from each point on 
that surface, and radiating from these points will illuminate' 
the paper screen M N. Every point, therefore, in the paper 
screen is illuminated by two mnds of scattered light, the one 
radiating from each point of the first surface, and the other 
from pomts behind the second surface ; and hence bright and 
obscure bands will be formed when the differences of the 
lengths of their paths are such as have been already de- 
scribed. 

The colors of two equally thick and inclined plates are also 
explicable by the law of interference. Although the light re- 
flected by the diflerent surfiices of the plate emerges parallel' 
as ^own in fig. 61., yet in consequence of the inclination of 
theplates it reaches the eye by paths of different lengths. 

The colors of fine fibres, of minute particles, of mottled and 
Striated surfaces, and of equidistant parallel lines, may be all 
referred to the interference of different portions of light 
reaching the eye by paths of different lengths ; and though' 
some dSSculties still exist in the application of the doctrine to* 
particular phenomena that have not been sufficiently studied, 
yet tiiere can be no doubt that these difficulties will be re- 
moved by closer investigation. 

As all the phenomena of interference are dependent upon 
the quantity d, it becomes interesting to ascertain its exact 
magnitude for the differently colored rays, and, if possible, to 
trace its origin to some primary cause. It is obvious, as 
Fraunhofer has remarked, that this quantity (2 is a real abso- 
lute magnitude, and whatever meaning we may attach to it, 
it is demonstrable that one half of it, in reference to the phe- 
nomena produced by it, is opposed in its properties to the ether 
half; so that if the anterior half combines accurately with 
the posterior half, or interferes with it in this manner under a 
small angle, the effect which would have been produced by 
each separately is destroyed, whereas the same effect is 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. j^ 

(84.) In the Newtonian theory of light, or the theory ofl 
emission, as it is called, in which light is supposed to consist 
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of material particles emitted by lumiDOus bodies, and moving 
through space with a velocity of 192,000 miles in a second, 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the undulatory theory it is 
equal to tie breadth of an undulation or wave of light 

In the undulatory theory, an exceedingly thin and elastic 
medium, called ether, is supposed to fill all space, and to oc- 
cupy the intervals between tjie particles of all material bodies. 
The ether must be so extremely rare as to jnresent no Mpre- 
ciable resistance to the planetary bodies which move freely 
through it. 

The particles of this ether are, like those of air, capable of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated through 
it in aU directions. Within refracting media it is less elastic 
tiian in vacuo, and its elasticity is less in proportion to the re* 
fractive power of the body. 

When any vibrations or undulations are propagated through 
this ether, and reach tKe nerves of the retina, they excite the 
sensation of light, in the same manner as the sensation of 
sound is excited in the nerves of the ear by the vibrations of 
the air. 

Difierences of color are supposed to arise from dififerences 
in the frequency of the etherial undulations ; red being pro- 
duced by a much smaller number of undulations in a given 
time than bluet and intermediate colors by intermediate num- 
bers of undulations. 

Each of these two theories of light is beset with difficulties 
peculiar to itself; but the theory of undulations has made 
great progress in modern times, and derives such powerful 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers. 

In a work like this it would be in vain to attempt to give 
a particular account of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undula- 
tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced ; whereas, 
when the elevations of tlie one coincide with tlie depressions 
of the other, both systems of waves will be totally destroyed. 
" The spring and neap tides,'* says Dr. Young, " derived from 
the combination of the simple soli-lunar tides, affi)rd a mag- 
nificent example of the interference of two immense waves 
with each other ; the spring tide being the joint result of the 
combination when they coincide in time and place, and the 
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neap tide where they succeed each other at the distance of 
hair an interval, so as to leave the eflfect of their difference 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a difierent modifica- 
tion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether superseded on 
account of the difierent lengths of the two channels by which 
the tides arrive, affi)rding exactly the half interval which 
causes the disappearance of the alternation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of stagnant water, that the circles of waves which 
they occasion obliterate each other, and leave the surfiice of 
the water smooth in certain lines dT a hyperbolic fi>rm, while 
in other neighboring parts the surface exhibits the agitation 
belonging to both series united." 

The following Table given by Mr. Heischel contains the 
principal data of the undulatory theory : — 



Cokra of the BpMtram. 


Unitln of u Ub- 
datatioB in part* 


Soaber at 

CndvlitloiM 




ofulaohinair. 


la an Itwh. 


Extreme red . 


0-0000266 


37640 


Red . . . 


0-0000256 


39180 


Intermediate . 


0-0000246 


40720 


Orange . . 


0-0000240 


41610 


Intermediate . 


0-0000235 


42510 


YeUow . . 


0-0000227 


44000 


Intermediate . 


0-0000219 


45600 


Green 


0-0000211 


47460 


Intermediate . 


0-0000203 


49320 


Blue . . . 


0-0000196 


51110 


Intermediate . 


0-0000169 


52910 


Indigo . . 


0-0000185 


54070 


Intermediate . 


0-0000181 


55240 


Violet , . 


0-0000174 


57490 


Extreme violet 


0-0000167 


59750 



Komber of Vnduliitla 
Second. V 



itoa 



458,000000,000000 
477,000000,000000 
495,000000,000000 
506,000000,000000 
517,000000,000000 
535,000000.000000 
555,000000,000000 
577,000000,000000 
600,000000,000000 
622,000000,000000 
644,000000,000000 
658,000000,000000 
672,000000,000000 
699,000000,000000 
727,000000,000000 



«* From this Table," says Mr. Herschel, " we see that the 
nensibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1-56 : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderfiil ; for it may be observed, whatever theory 
of light we adopt, Uiese periods and these spaces have a real 
existence, being in fact deduced by Newton from direct mear 
surements, and involving nothing hypothetical but the names 
Jiere given them." 



» Taking the velocity of light at 103,000 miles per Mcond. 
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CHAP. XVI. 
ON THE ABSORPTION OF LIGHT. 

^85.) One of the most carious properties of bodies in their 
action upon light, and one which we are persuaded will yet 
perform a most important part in the explanation of optical 
phenomena, and become a ready instrument in optical re- 
vearches, is their power of absorbing light Even liie most 
. transparent bodies in nature, air and water^ when in sufficient 
thickness, are capable of absorbing a great quantity of light. 
<)n the summit of the highest mountains, where their light 
^has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in the plains below ; 
and through great depths of water objects become almost in- 
visible. The absorptive power of air is finely disfdayed in 
the color of the morning and evening clouds ; and that of 
water in the red color of the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one class of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of all kinds. 

Metals in generaL 

Silver. 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rock crystal. • 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gases. 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in «ome of the 
gases and flames^ or in a particular state of aggregation, as in 
the diamond, it is highly transparent In like manner, all 
metals are transparent in a state of solution ; and even sUver 
and gold, when beaten into thin films, are tranfilucent, the 
former transmitting a beautiful blue, and the latter & beautifid 
green light* 



-"-*< 



* See Note No. VI. of Am. ed., in the notes fbllowiiiff the miithof% 
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Philoeophers have not yet ascertained the nature of the 
power by which bodies absorb light Some have thought 
that the particles of li^ht are reflected in all directions Inr the 
particles of the absorbing body, or turned aside by the rorcea 
resident in the particles ; while others are of opinion tliat 
they are detained by the body, and assimilated to its sub- 
stance. If* the particles of light were reflected or merely 
turned out of their direction by the action of the particles, it 
seems to be quite demonstrable th^t a portion of the most 
opajque matter, such as charcoal, would, when exposed to a 
strong Ijeam of light, become actually phosphorescent during 
its illumination, or would at least appear white ; but as all the 
light which enters it is never again visible, we must believe, 
till we have evidence of the contrary, that the light is actu- 
ally stitpped by the particles of the body, and remains within 
it in the form of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given num- 
ber of equally Uiin plates, at the refracting surfaces of which 
there is no light lost by reflexion. If the first piate has the 
power of abS)rbing Y\,th of the light which enters it, or 100 
rays out of 1000 ; Sien j^ths of the original light, or 900 rays, 
will fsdl upon the second plate ; and ^th of these, or 90, be- 
ing absorbed, 810 will fall upon the third plate, and so on. 
Hence it is obvious that the quantity of light transmitted by 
any number of films is equal to the %ht transmitted through 
one fUm multiplied as oflen into itself as there are films 
Thus, since 900 out of 1000 rays are transmitted by one film 
rVx Ax A ^"*^ to T%®iy» or 729 rays, will be the quantity 
transmitted by three films ; and therefore the quantity absorb- 
ed will be 271 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
of the spectrum in equal proportions. While certain clouds 
absorb the blue rays and transmit the red, there are other? 
that absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen through them perfectly white: 
Ink diluted is a fine example of a fiuid Which absorbs all tlie 
colored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtaining g. white image of the sun. Black pleon- 
asl-e and obsidian afford examples of solid substances which 
absorb all the colors of the spectrum proportionally. 

(88.) AH colored transparent bodies, however, whethet 
solid or fluid, do not necessarily absorb the colors proportion- 
ally ; for it is only in consequence of an unequal absorption 
that they could appear colored by transmitted light. In order 
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to exhibit this absorptive power, take a thick piece of the blue 
glass that is used for finger glasses, and which is sometimes 
met with in cylindocal rods of about -^ths of an inch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is better, of a narrow 
rectangular aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
ThrougJi the thinnest edge the spectrum will be seen nearly 
as com{>lete as before the interposition of the wedge ; but as we 
look at it through greater and greater thicknesses, we shall 
see particular parts or colors of the spectrum become fiiintef 
and fiiinter, and gradually disappear, while others sufier but a 
slight diminution of their brightnesa When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in fig, 68., where the middle R of th^ 
red space is entirely absorbed, the inner red that is left is 
weakened in intensity ; the orange is entirely absorbed ; the 
yeUow Y is left almost insulated ; the green G on the side of 
Fig.es. ^® yellow is very much absorbed; 

and a slight absorption takes place 
I II m " along the green and blue space. At 

' "BIB -J a greater thickness still, the inner 

^ ^^ red diminishes rapidly, and also the 

yellow, green, and blue ; till, at a certain thickness, all the 
middle colors of the sp^^nm are absorbed, and nothing left 
but the two extreme colors, the red R and the violet \, as 
shown in fig. 69. As the red light R has much greater in- 
Hg.Gd. tensity than the violet, the glass 

_^ has at this thickness the appearance 

rVjHHHIHI of being a red glass ; whereas at 

I ^W PBHlllH r . small thicknesses it had the appeals 

^ ^ ance of being a blue glass. 

Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of ateorp- 
tion, a very remarkable phenomenon may be exhibited. If 
we look through the blue glass so as to see the spectrum in 
fig, 69., and then look at Uiis spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rays 
fit R and V, the two substances thus combined will be abso 
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lutely opaque, and not a ray of light will reach the eve. Th^ 
effect is perhaps more striking S" we look at a bright white 
object through the two media together. 

(87.) In attempting to ascertain the influence of heat on 
the absorbing power of colored media, I was surprised^ ob- 
serve that it produced opposite effects upon different glasses, 
diminishing the absorbing power in some and increasing it 
in others. Having brought to a red heat a piece of purple 
glass, that absorbcSi the greater part of the green, the yellow, 
and the interior or most refrangible red, I held it before a 
strong light; and when its red heat had disappeared, I ob- 
served that the transparency of the glass was increased, and* 
that it transmitted freely the green, the yellow, and the 
interior red, all of which i{ had formerly, in a great measure, 
absorbed. This efiect, however, gradually diaippeared, and 
it recovered its former ab^rbent power, when completely 
cold. 

When yellowish-green glass was heated in a similar man- 
ner, it lost its transparency almost entirely. In recovering its 
green color, it passed throug[h various shades of olive green ; 
but its tint, when cold, continued less green than it was be- 
fore the experiment A part of the glass had received in 
cooling a polarizing structure, and this part could be easily 
distinguished from the other pert by a difference of tint 

A ]^ate of deep red glass, whicn gave a homogeneous red 
image of the candle, became very opaque when neated, and 
scarcely transmitted the light of the candle after its red heat 
had subsided. It recover^, however, its transparency to a 
certain degree'; but when cold, it was more opaque than the 
piece from which it was broken. I have observed analogous 

Ehenomena in mineral bodies. Certain specimens of topaz 
ave their absorbing power permanently changed by heat 
In subjecting the !E&as ruby to high degrees of heat, I ob- 
served that its red color changed into green^ which gradually 
fiided into brown as the coolipg advanced, and resumed by 
degrees its original red color. In like manner, M. Berzelius 
ob^rved the spinelle to become brown by heat, then to grow 
opaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable change 
of absorbent power is exhibited by heating very considerab^, 
but so as not to inflame it, a plate of yellow native orpiment, 
which absorbs the violet and blue rays. The heat renders it 
almost blood red, in consequence of its now absorbing the 
greater part of the green and yellow rays. It resumes its 
former color, however, by cooling. A still more striking 
e^ct may be produced with pure phosphorus, which is ol a 
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slightly yellow color, transmitting freely almost all the color- 
ed rays. When melted, and suddenly cooled, it acquired the 
power of absorbing all the colors of the spectrum at thick- 
nesses at which it formerly transmitted tliem all. The black- 
ness produced upon pure phosphorus was first observed by 
Thenard. Mr. Faraday observed, that glass tinged purple 
with manganese had its absorptive power altered by the mere 
transmission through it of the solar rays^ 

By the method above described of absorbing particular 
colors in the spectrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
incontestably prove that the orange and green colors in solar 
light are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the blue part of the green, or the yellow part of the orange 
and the yellow part of the green ; and, by submitting the 
other colors of the spectrum to the scrutiny of absorbent 
media, I was led to the conclusions respecting the spectrum 
which are explained in Chapter VII. 

We have already seen tboX in the solar spectrum, as de- 
scribed by Fraunhofer, there are dark lines, as if rays of par- 
ticular refrangibilities had been absorbed in their course from 
the sun to the earth. The absorption is not likely to have 
taken place in our atmosphere, otherwise the same linee 
would have been wanting in the spectra from the fixed stars, 
and the rays of solar light reflected from the moon and planets 
would probably have been modified by their atmospheres. 
But as this is not the case, it is probable that the rays which 
are wanting in the spectrum have been absorbed by the sun*s 
atmosphere, as Mr. Herschel has supposed. 

(88.) Connected, with the preceding phenomena is the^sub- 
ject of colored flames, which, when examined by a prism, 
exhibit spectra deficient in particular rays, and resembling 
the solar spectrum examined by colored glasses. Pure hy- 
drogen gas bums with a blue flame, in which many of the 
rays of light are wanting. The flame of an oil lamp contains 
most of the rays which are wanting in sun-light. *- Alcohol 
mixed with water, when heated and burned, affords a flame 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob- 
tained by different authors, have been given by Mr. Her- 
schel : — 
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Salts of soda, Homoffeneoos yeOow. 

-r potash, ...... Pale violet 

lime, Brick red. 

— strontia, Bright crimson. 

tithia, Red. 

baryta, Pale apple green. 

' copper, Bluish green. 

According to Mr. Herschel the muriates sacceed best on 
account of their volatility. 



CHAP. xvn. 

ON THB DOUBLB REFBACnOIl OF UOST. 

(89.) In the preceding chapters of this work it has always 
been supposed, when treating of the refraction of light, either 
through surfaces, lenses, or prisms, that the transparent or re* 
£racting body had the same structure, the same temperature, 
and the same density in every part of it, and in every direc- 
tion in which the ray could enter it Transparent bodies of 
this kind are gases, fluids, solid bodies, such as different kinds 
of glass, formed by fusion, and slowly and equally cooled, and 
a numerous class of crystallized bodies, the form of whose 
primitive crystal is the cuhcy the regular octohedron, and the 
,rhomboidal dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
pressure, a single pencil of light incident upon any single sur- 
face of them, perfectly plane, will be refracted into a single 
pencil according to 1iie law of the sines explained in Chap- 
ter IJL 

Li almost all other bodies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such as hair, horur shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally cooled, and 
solid boffies having unequal density either from unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of light incident upon their surfiices will be refracted 
into tiDO different pencils, more or less inclined to one another, 
according to the nature and state of the body, and according 
to the directi(xi in which the pencil is incident The separa^ 
tion of the two pencils is sometimes very ^eat, and in roost 
cases easily observed and measured : but m other cases it is 

L2 
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not visible, and its existence is inferred only from certain 
effects which coald not arise except from two refracted pen- 
cils. The refraction of the two pencils is called double re- 
fraction, and the bodies which produce it are called doubly 
refracting bodies or crystals. 

As the ph.enomena of double refraction were first discovered 
in a transparent mineral substance called IceUmd spar, calca* 
reous spar, or carbonate of lime, and as this substance is ad- 
mirably fitted for exhibiting them, we shall begin by explain- 
ing the law of double refraction as it exists in this mineraL 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is feund in almost all countries, in crystals of 
various shapes, and often in huge masses ; but, whether found 
in^ crystals or in masses, we can always cleave it or split it 
into shapes like that represented in fig, 70., which is called a 

rhomb of Iceland spar, a' solid bounded by 
six equal and similar rhomboidal surfaces* 
whose sides are parallel, and whose angles 
B A fc, A C D are 101° 55' and 78° 5'. ITie 
inclination of any face A B^C D to any of 
the adjacent faces that meet at A is 105^ 5', 

and to any of the adjacent faces that meet 

'^ D at X 74° 55'. The line A X, called the 

axis of the rhomb or of the crystal, is equally inclined to each 
of the six faces at an angle of 45° 23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A,' or of ' 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the &ces is 113^ 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally color- 
less. Its natural &ces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect &ce by a better one, or 
we may grind and polish any imperfect &ce. 

Havm^ procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished fiices, and so large that 
one of the edges A B is at least an inch long, place one of 
its faces upon a sheet of paper, having a black line MN 
drawn upon it, a^ shown in fig, 71. If we then look tim)ugh 
the upper surface of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
I'wo lines, MN, mn, will then be distinctly visible ; and 
upon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
another, and appear to form one at two opposite points during 
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a whole revolution of the crystal ; and at two other opposite 
points, nearly at right angles to the former, the lines will be 
at their greatest distance. If we place a black spot at O, or 
a luminous aperture, such as a pin-hole in a wafer, with light 
passing through the hole, the spot or aperture will appear 

Fig. 71. 




fonble, as at O and E ; and by turning the crystal round ai 
before, the two images will be seen separate in all positiaofl ; 
the one, £, revolving, as it were, round the other, O. 

Let a ray or pencil of light, R r, fall upon the surfiice of 
the rhomb at r, it will be refracted by the action of the 8ur« 
fiice. into two pencils, r O, r E, each of which, being again 
refracted at the second surface at the points O, E, wnl movB 
in the directions O o, E e, parallel to one another and to the 
incident ray R r. The ray R r has therefore been doubly re^' 
fracted by the rhomb. 

If we now examine and measure the angle of refraction of 
the ray r O corresponding to different angfes of incidence, we 
riiall find that, at 0^ of incidence, or a perpendicular inci- 
dence, it sufiers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of the angle of refraction is to that of inci- 
dence as 1 to 1*654 ; and that the refracted ray is always in 
the same plane as that of the incident ray. Hence it is ob- 
vious that the ray r O is refracted according to the ordinary 
law of refraction^ which we have already explained. If we 
now examine in the same way the ray r £, we shall fmd that, 
at a perpendicular incidence; or one of 0^, the angle of re- 
fraction, in place of being 0°, is actually 6^ 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
narjr, that the refracted ray r E is bent to one side, and lies 
entirely out of the j^ane of incidence. Hence it follows that 
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the pencil r E is refracted according to some new and extra- 
ordinary law of refraction. The ray rO is therefore called 
. the ordinary ray, and r E the extraordinary ray. 

If we cause the ray R r to be incident m various different 
.directions, either on the natural faces of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not sufier double refraction. In other crystals there are 
two such directions, forming an angle with «ach other. In the 
former case the crystal is said to have one axis of double re- 
fraction, and in the latter case two axes of double refraction. 
These lines are called axes of double refraction, because the 
phenomena are related to these liiiBs. In some bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, k fixed line within the rhomb ox crystal. It is 
only a fi^ed direction : for if we divide, as we can do, the 
rh(xnb ABC, fig, 70., into two or more rhombs, each of these 
separate rhombs will have their axes of double refraction; but 
when these rhombs are again put together, their axes will be 
nil parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as Uiese 
lines have all one and the same direction in space, the crystal 
is still said to have only one axis of double refraction. 

In making experiments with different crystals, it is found 

that in some the extraordinary ray is refracted towards the 

axis A X, while in others it is refracted from the axis A X. 

^ In the first case the axis is called a positive axis of double 

^ rtfractionj and in the second case a negative axis of double 

refraction, 

»• 

\ On Crystals with one Axis of Double Refraction* 

(91.) In examining the phenomena of double refraction in 
' a great number ef crystallized bodies, I found tiiat all those 
crystals whose primitive or simplest form had only one axis 
of figure, or one pre-eminent line round which the figure was 
symmetrical, had also one axis of double refraction ; and that 
• their axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows :•— 

■ ' '•■ The rhomb with an obtuse summit. 

'^, \ ^ ^^ ,^ The rhomb with an acute summit 

The regular hexahedral prism. 
The octohedron with a square base. 
The right prism with a square base. 
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(92.) The fidlowing Table contabg the crystals which have 
one axis or double relractioii, arranged under tbeic icspectiTa 
phniitive fbrma, the of a + being prefixed to tbooe that have 

Citive doable refmctuHi, and — to thoae that have R^ottve 
b]e reiraction. 




I. JUotnfi utfA obtiue rammit. Jig. 7^ 



— Corbcsiate of lima (Iceland 

— CarbcHWte of lime and iroa 
— ^^cubcmate t£ lime and mag- 

— Phoaphato^neniate d lead. 
— Caibtxtale of zinc. 

—Nitrate of Boda. 

3. RhotiA toith an 



—Phosphate cf levL 
— RutQT silnr. 
— Levyne. 
— Tourmaline. 
— Rubellite. 
— Alum Ktone. 
— Dioplase. 

te fwrnnif, Jig. 73. 

— Cinnabar. 

—Sapphire. — Aiseuiate (^ copper. 

— Rnl^. I 

3. Regular Hexahedral Prim., fig. 74 
— Emerald. I — Nepbeline. 

— Beryl. — Araeoiate of lead. 

— Phcephate of lime (apatite). | -f-Hydrate of 



4. Octahedron vitk a iquare bote, fig. 75. 
+Z(rcon. I — Molybdate of lead, 

•f Oxide of tin. — Octohedrite. 

4- Tuiwatate (f lime, — PrtiKiate of potaah. 

— Helute. I — Cyanide of merciii7. 




5. Right Prum vith a iquare bate, fg. 76. 



— Uocnae. 
— ^Wemerite. 
— Pmnthine. 
— Meionite. 

■ — SomerTillite. 
— EdingtoniW. 

— Arseniate of potash. 



— Sulphate of nickel and co{»- 

— Hydrate of strontia. 
+Apoph;nite of atoe. 
-|-Oxtthverite. 
-j-Supeiacet&te of copper and 

H-Titanite. 
— Phcsphate of anunonia and 4-Ice (certain crjatals). 

nmgneaia. 

In all the preceding crj'itals, and in the primitiTe form* to 
which thCT belong'i the line A X ie the ajtis of figure and of 
douhle retraction, ot the only direction along vihxh thereio 
no douhle Tefnu;tion. 

On the Law of Double Refraditm in~CrystaU wJih 'one 

Negative Axis. J 

^) In order to give a ftmiliar explanation <£ the law of 
tig. n. douhle refraction, let ua suppose 

that a rhomh of Iceland apw ia 
turned in a lathe to the fenn of 
a sphere, as ahowQ in jig. 77., 
A X heine the a^iia of both the 
rhomh ana the sphere. 

If we now make a ray pass along' 

the axia A X, after grinding or 

polishing a Bmall flat surKtce at 

A and X, perpendicular to A X, we ^all find that there is no 

double refraction ; the ordinary and extraoidinoiy ray forming' 

a single ray. Hence, 

The indez of refraction along ) I'654 far ordinary ray. 
the axis A X will be • J 1-654 for extraordinary nj 

O-OOO difierence. 
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If we do the same at any point, a, about 45^ htan the azia^ 
we shall have 

The index of refraction along the line ^ 1*654 fi>r ordinary ray. 
R a 6 O, which is nearly perpen- > 1*572 fo extraordinary 
dicular to the &ce of the rhomb, ) ray* 

» — — — 

0.083 diflference. 

If we do the same at any point of the equator G D, in« 
dined 00^ to the axis, we shall have 

The index of refraction per- ) 1*654 fi>r ordinary ray. 
pendicular to the axis, ) 1.483 for extraordinary ray. 

0-171 difference. 

Hence it follows that the index of extraordinary refraction 
decreases from the axis A X to the eqiutor C D, or to a line 
perpendicular to the axis, where it is the least The 
index of extraordinary refraction is the same at all equal- 
angles with the axis A X ; and hence, in every part of a cir- 
cle described on the sur&ce of the sphere round the pole A or 
X, the index of extraordinary refraction has the same value, 
and consequently the double refraction or separation of tJie 
rays will be the same. In crystals, therefore, with <Hie axir 
of double refraction, the lines of equal double refraction are 
circles parallel to the equater or circle of greatest double 
refraction. 

^ The celebrated Huygens, to whom we owe the discovery 
of the law of double refraction in crystals with one axis, has 
^en the following method of determining the index of ex- 
traordinanr refraction at any point of the sphere, when the 
ray of light is incident in a plane passing through the axis of 
the crystal AX: — 

Let it be required, for example, to det^minei. the index of 
refraction fat the extraordinary ray R a b, Jlg» 77., A X b^ing 
the axis^ and C D the equator of the crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these» numbers are 1*654 and 
1.48a From O set off in the lines O C, O D continued; O c, 
Ody 2o that OCorODis toOcorOrfas j.^s^ is to y.^Vj* 
or as '604 is to '674 ; and through the points A, c, X, dj draw 
an ellipse, whose greater axis is c (/, and whose lesser axis is 
AX The radius O a of the ellipse will be what is calfed 
the reciprocal of the index of refraction at a ; and as we can 
find O a, either by projecting the ellipse on a large scale, or 
by calculation* we have' only' to divide 1 by O a to have that 
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index. In the present case O a is *636, and .^ is equal to 
1*572, the index required. 

As the index of extraordinary refraction thus found always 
diminishes from the pole A to the equator C D, and is always 
equal to the index of ordinary refraction mtHiu another 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which this 
takes place may be properly said to have negative double 
refraction. 

In order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
I>lane passing through the axis, the process, either by projec- 
tion or calculation, is too troublesome to be given in an ele- 
mentary work. 

In every case the force which produces the double refrac- 
tion exerts itself as if it proceeded from the axl& 

Every plane passing through the axis is called a prmdptd 
8ection of the crystal. 

On the Law of Double Refraction in Crystals toith one 

Positive Axis. 

(94.) Amonff the crystals best fitted for exhibiting the 
l^enomena of positive double refraction is rock crystal or 
quartz^ a mineral which is generally found in six^ed 
jy^. 78. prisms, like Jig. 78., terminated with six-sided pyra- 
mids, £, F. 

If we now grind dowv the summits A and X, * 
and replace them by faces well polished, and per- 
pendicular to the axis A X ; and if we transmit a 
ray through these faces, so that it may pass alongf 
the axis A X, we shall find that there is ho double 
refraction, and that the index of refraction is aa 
-•• follows : — 

Index of refractkm along > 1*5^4 for ordinary ray. 
the axis AX - - ^ 1*5484 for extraordinary ray 

0-0000 difierence. 

If we now transmit the ray perpendicularly through the 
Mallei faces E P, which "are inclmed 38«> 20* to the axis A X, 
le plane of its mcidence passing through A X, we idiall 
)tain the following results :— ^ 



^ 

c 

M 



Index of refraction perpen. ^ ^.^^ ^ ^^^^ 

dicular to the fiices of > , .^y-^ - 2vl ^l^!«5,-J^™ 
the pyramid - - - ^ 1-5544 for extraordinary 



ray. 



0-0080 difference. 




ev.\.A.\) 
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In like manner, it will be foudH that when th^ ray pasaea 
perpendicularly through the feces C D, perpendicular to the 
axis A X, the index of extraordinary refraction is the 
greatest, viz. 

Index of refraction jperpe,^ ^ ^.^ ^ ^^^^^^^^^^ 
dicular to the faces of > 7 ^Too c ""**"*" J^. *»/• 
the prism CD - - ^ 1-5582 for extraordmary lay. 

0*0096 difference. 
Hence it appears that in quartz the index of extraordinary 
refraction increases from the pole A to the equator C D, 
whereas it diminished in calcareous spar, and the extraordi« 
nary ray appears to be dravm to the axis. 

m this case the variation of the index of extraordinary 
refraction will be represented by an ellipse, Ac X<2, whose- 

greater axis coincides with the axis 
A X of double refraction, as in fig, 
79., and OC will be to Oc as t-tttc 

is to T.7W«^or ^ '^^^ is to -^l^ 
By deterinmin^, therefore, the radius 
Oa of the elbpse for any ray Viha^ 
and dividing 1 by it, we shall have 
the index of extraordinary refraction 
for that ray. 

As the index of extraordinary refraction is always equal toC 
the index of ordinary refraction, plus another quantity de- 
pending on the difference between the radii of the circle and 
the ellipse, the crystals in which this takes place may properly 
be said to have positive double refraction. 

* 

On Crystals with two Axes of Double Refraction, 

(95.) The great variety of crystals, whether they are 
mineral bodies or chemicu substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double refi'action is nothing. This property 
of possessing two. axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Mofais, or whose 
primitive forms are, 

A right prism, base a rectangle. 

base a rhomb. 

. -< base an oblique parallelogrun* 

Oblique prism, base a rectangle. 

I base a rhomb. 

— — ^— base an oblique parallelogram. 
Octohedron, base a rectangle 

' base a rhomb. 

M 
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In all these primitive forms there is not a single pre-emi- 
nent line or axis about which the figure is symmetrical. 

The following is a list of some of the most important crys- 
tals, with their primitive forms according to Haiiy, and^ the 
inclination of the two lines or axes along which there is no 
double refraction :— - 

Glauberite - - - 29 otS^ Oblique prism, base a rhomb. 

Nitrate of potash - 5^ 2(y Octohedron, base a rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of baryta - 37 42 Right prism, base a rectangle. 

Mica ----- 45 Right prism, base a rectangle. 

Solphateoflime - 60 j^f^P^'^^ " °«^- 

Topaz . - - - 65 Octohedron, base a rectangle. 
Carbonate of potash 80 30 Prismatic system of Mohs. 
Sulphate of iron - 00 Oblique prism, base a rhomb. 

In crystals with one axis of double refraction, the axis has 
the same position whatever be the color of the pencil of light 
which is used ; but in ^stals with ttDO axes, the axes change 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with differently 
colored rays. This discovery we owe to Mr. Herschel, who 
found that in tartrate of potash and soda (Rochelle salts) 
the inclination of the axis for violet light was about 56^, 
while in red light it was about 76°. In other crystals, such 
as nitre, the inclination of the axes for the violet rays is 
greater than for the red rays ; but in every case the line 
jcHning the extremity of the axes for all the different rays is 
a straight line. 

In examining the properties of Glauherite, I found that it 
had two axes for red light inclined about 5°, and only one 
axis for violet Ught, 

It was at first supposed that in crystals with two axes, one 
of the rays was refracted according to the ordinary law of the 
sines, and the other by an extraordinary law ; but Mr. Fresnel 
has shown that both toe rays are refract^ according to laws 
of extraordinary refraction. 

On Crystals with innumerable Axes of Double Refraction. 

(06.) In the various doubly refractmg bodies hitherto men- 
tioned^the double refraction is related to one or mor# axes; 
but I have found that in awdcime there are several planes^ 
alons which if the refracted ray passes, it will not sufo 
douUe refi'action, however various oe the directions in which 
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it is inciclent Hence we may consider each of these planes 
as containing an infinite number of axes of double refiractiout 
or rather lines in which there is no double refraction. When 
the ray is incident in any other direction, so that the refracted 
ray is not in one of these planes, it is divided into two rays 
by double refraction. No other substance has yet been found 
possessing the same property. 

On Bodies to which Double Rrfradion may he communicated 
by Heat, rapid Cooling, Pressure, and Induration* 

(97.) If we take a cylinder of glass, C D, fie, 80., and 
j^. 80. having brought it to a red heat, roll it akmg a plate 
of metal upon its cylmdrical surface till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will become a cylinder with one positive 
, axis of double refraction, A X, coinciding with the 
axis of the cylinder, and along which there is no 

V double refraction. This axis differs from that in 
quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, any 
other line parallel to A X, fi^, 80., is not an axis of double 
refraction, but the double refraction along that line increases, 
as it approaches the circumference of the cylinder. The 
double refinjction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
through it> 

If; instead of heating the glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same drntbly refracting struc- 
ture when the heat had reached the axis A X ; but this struc- 
ture is only transient, as it disappears when the cylinder is 
uniformly heated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soflen the glass, and had placed it in a cold 
fluid, it would have acquir^ a transient doubly refractinjgf 
structure as before, when the cooling had reached the axis 
A X ; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced by pressure and by 
the induration of soft solids, such as animal jellies, isinglass, &c 

If the cylinder in the preceding explanation is not a circular 
one, but has its section perpendicular to the axis everywhere 
an ellipse in j^ce ci a drde, it will have two axes of double 
refraction. 

In like manner, if we use rectangular plates of glass in- 
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Stead of cylinders in the preceding experiments, we shall have 
plates with ttoo planes of double refraction ; a positive struc- 
ture being on one side of each plane, and a negative one on 
the other. 

If we Use perfect spheres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena will be more fully explained when we 
treat of the colors produced by double refraction. 

On Substances toith drctdar Double Refraction, 

(98.) When we /transmit a pencil of li^t along the axis 
A X, fig. 78., of a crystal of quartz, it sulfers no double re- 
firaction; but certain phenomena, which will be afterwards 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He found 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, from its properties, been called cir' 
eular; and it is divided into two kinds, — positive or right- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop- 
erty: — 

Positive Substances, Negative Substances* 

Rock crystal, certain sped 

mens. 
Camphor. 
Oil of turpentine. 
Solution of camphor in al- 

cohoL 
EBsential oil of laurel. 
Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same cr3^stal both the positive and 
the negative circular double refraction. This subject will be 
more mlly treated when we come to that of circular polar' 
ization.* 



Rock crystal, certain speci- 
mens. 
Concentrated 83mip of sugar. 
Essential oil of lemon. 



* For the fnrmiiliB referring to certain of the articles of this and of tha 
•ubtoqiient chapter, aee (in tJie Collefe editioa,) Appendix of Am. ad.. 
Cbap. VI. 
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CHAP. xvm. 

ON THE POUUUZATION OF UOHT. 

If we transmit a Beam of .the son's light through a circular 
aperture into a dark room, and if we reflect it from any crys- 
tallized or uncrystallized body, or transmit it through a thin 
plate of either of them, it will be reflected and transmitted in 
the very same manner and with the same intensity, whether 
the surrace of the body is held above or below the b^un, or on 
the right side or left, or on any other side of it, provided that 
in all these cases it falls upon the suri&ce in the same manner ; 
or, what amounts to the same thing, the beam of solar light 
has the same properties on all its sides; and this is true, 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belong to light emiUed firom a candle, 
or any burning or self^lummous Iwdy, and all such light is 
called common light A section of such a beam of li^ht will 
be a circle, like A C B D, fig, 81., and we shall distmguish 




the section of a beam cS common light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to &11 upon a 
liiomb of Iceland spar, as in fig. 71., and examine the two 
circular beajns O o, E e, formed by double refraction, we shall 
find, 

1. That the beams O o, £ «, have difierent properties on 
diflTcrent sides ; so that each of them diflers, in this respect, 
from the beam of common light 

2. That the beam O o diflfers from E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C and D*, as shown in J^, 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which the beam has simUar properties, are at right 
angles to each other, as A' B' and C B', K>r example. 

M2 
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These two beams, O o, £ e, fig, 81., are therefore said to 
be jukarizedy or to be beams of polarized light, because thejr 
have sides or poles of different properties ; uid planes passing' 
through the lines A B, C D, or A' B', C D', are said to be the 
planet pf polarization of each beam, because they have the 
same property, and one which no other plane passing througli 
the b^m possesses. 

Now, it is a curious fact, that if we cause the two polarized 
beams O o, E e to be united into one, or if we produce thena 
by a thin plate of Iceland spar, which is not capable of sepa- 
rating them, we obtain a beam which has exactly the same 
properties as the beam A B C D of common light 

Hence we infer, that a beam of common light^ ABCD, 
consists of two beams of polarized light, whose planes of po- 
larization, or whose diameters of similar properties, are at 
ri^ht angles to one another. If O o is laid upon E e^ it 
will produce a figure like A B C D, and we, therefore, re- 
present common light by such a figure. If we place O o 
above E e, so that the planes of polarization A' B' and C ly 
coincide, then we shall have a beam of polarized light twice 
as luminous as either O o or E e, and possessing exactly 
the same properties ; for the lines of similar property in the 
one beam coincide with the lines of similar property in the 
dther. , ' 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into a beam or beams of po- 
larized light 

* 1. We may separate the beam of common light, A B G D» 
into its two component parts, O o and E e. 

2. We may turn round the planes of polarization, A B, G I>» 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the beams, and leave tbm 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light ig 
that in which we employ a doubly refracting crystal, which 
we shall now consider. 

On the Polarization of Light by DonhU Refraction, 

(99.) When a beam of light suffers double refinction by 
a negative crystal, as Iceland spar, fig, 71., where the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane passing through the axis, the two 
pencils r O, r E are each polarized ; the plane of polarization 
of the ordinary ray, r O, coinciding with the principal sectioo* 
and the plane of polarization of the extraordinary ray, r E, bemg 
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at right angles to the principal section. In fig, 82., if O be 
made to denote a section of the ordinary beam r O, fig. 71., £» 
the diameter of which is drawn at right angles to t&tt of 0« 
will represent a section of the extraordinary beam r £. 



Flg.fSL 



Fig. 83. 







If the beam of light R r is incident upon a pontive crystal, 
like quartz, O of ^. 83., will be the symbol of the ordmary 
ray, and £ that of Uie extraordinary ray. 

The phenomena which arise from this opposite polarization 
of the two pencilf may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a rhomb of Ice- 
land spar, fig. 84., through the axis A X, and perpendicular 
to one of the fitces, and let A' F X' be a similar section of an- 
other rh(Hnb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendicu- 
larly at r, will be divided into two pencils ; an ordinary one, 
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« D, and an extraordinary one, r C. The ordinary ray fiilling 
on the second crystal at G, again suffers ordinary refraction, 
and emerges at K an ordinary ray, O o, represented by the 

Smbol O, fig. 82. In like manner the extraordinary ray, r C, 
ling on tiie second crystal at F, again suffers extmorainary 
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refraction, and emerges at H an extraordinary ray, E e, repre- 
sented by E, fig. 82. These results are exactly the same as if the 
two crystals had formed a single crystal by being united at their 
surfaces C X, A' G, either by natural cohesion or by a cement. 
Let the upper crystal A X now remain fixed, with the same 
ray R r falling upon it, and let the second crystal A' X' be 
turned round 90^, so that its principal section is perpendicular 
to that of the upper one, as shown in fig, 85. ; then the ra^ 
r D ordinarily refracted by the first rhomb will be extraordi- 
narily re&acted by the second, and the ray r C extraordinarily 
refiracted try the first rhomb will be ordinarily refracted by the 
second. 

The pencils or images formed from the ray R r, in the two 
positions shown in figs. 84. and 85., may be thus described as 
marked in the figures : — 

O is the pencil refracted ordinarily by the first rhomb. 

E is the pencil refi'acted extraordinarily by }he first rhombu 

o is the pencil refiracted ordinarily by the second rhomb. 

e is the pencil refi'acted extraordinarily by the aiecond 
rhomb. 

O o is the pencil refracted ordinarily by both rhombs in 
Jfe^84. 

£ e is the pencil refracted extraordinarily by both rhombs 
in fig. 84. 

O c is the pencil refracted ordinarily by the first, and eap- 
traordinarUy by the second rhomb in J^. 85. 

E o is the pencil refi'acted extraordinarily by the firsty and 
ordinarily by the second rhomb in fig. 85. 

In both the cases shown in figs. 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as in 
fig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils which fall upon it ; but in every other po- 
sition between the parallelism and the perpendicularity of the 
principal sections, each of the pencils formed ^by the first 
rhomb will be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that the ray R r proceeds from a round 
aperture, like one of the circles at A, fig. 86., and that the 
eye is placed behind the two rhombs at H K,^. 84., so as to see 
the images of this aperture. Let the two images shown at A, fig, 
86., be tlie appearance of the aperture at R, seen through one oT 
the rhombs by an eye placed behind C D^fig. 84., then B, fi^. 86., 
will represent the images seen through £e two rhoml» m the 
position in fig. 84., their distance being doubled, fit)m sufileringf 
the same quantity of double refraction twice. If we no w> turn- 
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the second rhomb^ or that nearest the eye, from left to right, 
two faint images will appear, as at C, between the two bright 
ones, which will now be a little &inter. By continuing to 
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turn, the four images will be all equally luminous, as at D ; 
they will next appear as at £ ; and when the second rhomb 
has moved round 90°, as in fig, 85., there will be only two 
images of equal brightness, as at F. Continuing to turn the 
second rhomb, two faint images will appear, as at G ; by a 
&rther rotation, they will be all equally bright, as at H; 
&rther on they will become unequal, as at I ; and at 180^ of 
xevolution, when the planes of the principal section are again 
parallel, imd the i^zes A X, A' X' at right angles nearly to 
each other, all the images will coalesce into one bright image, 
as at K, having double the brightness of either of those at A, 
B, or F, and four times the brightness of any one of the four 
at D and H. 

If we now follow any one of the images A, B from the po- 
litkm in fiff. 84., where the principal sections are inclined 0^ 
to one anoUier, to the position in fig, 85., where it disappears 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the angle formed by the principal sections^ 
while the bri^tness of any image, from its appearance be- 
tween B and C, fig, 86., to its greatest brightness at F, in- 
creases as the square of the sine of the same an^le. 

By considering the preceding phenomena it will appear, 
that whenever me plane of polarization of a polarized ray, 
whether ordinary or extraordinary, coincides with or is parallel 
to the principal section, the ray will be refracted ordinarily ; 
and whenever the plane of polarization is perpendicular to 
the principal section, it will be refracted extraordinarily. In 
all intermediate positions it will suffer both kinds of refraction, 
and will be doubly refracted ; the ordinary pencil being the 
brightest if the plane of polarization is nearer the position of 
parallelism tlum that of perpendicularity, and the extraordi- 
nary pencil the brightest if the plane of polarization is nearer 
the position of perpendicularity than that of parallelism. At 
equal distances from both these positions, the ordinary and ex- 
traordinary images are equally bright 
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(100.) It does not appear from the preceding experiments 
that the polarization of tiie two pencils is the edect of any po- 
larizing ferce resident in the Iceland spar, or of any changfe 
produced upon tlie ligh£ The Iceland spar has merely sepa- 
rated the common light into its two elements, according to a 
different law, in the same manner as a prism separates all 
the seven colors of the spectrum from the compound white * 
beam by its power of refracting these elementary colors in 
different degrees. The re-union of the two oppositely po- 
larized pencils produces common light, in' the same manner as 
the re-union of all the seven colors produces white light 

The method of producing polarized light by double refrac- 
tion is of all others the best, as we can procure by this means 
from a given pencil of light a stronger polarized beam than in 
any other way. Through a thickness of three inches of Ice- 
land spar we can obtain two separate beams of polarized light 
one third of an inch in diameter ; and each of these beanss 
contains half the light of the original beam, excepting the 
small quantity of light lost by reflexion and absorption. By 
sticking a black wafer on the spar opposite either of these 
beams, we can procure a polarized beam with its plane of po- 
larization either in the principal section or at right angles to 
it In all experiments on this subject, the reader should re- 
collect that every beam of polarized light, whether it is pro- 
duced by the ordinary or the extraordinary refraction, or by 
positive or negative crystals, has always the same properties, 
provided the plane of its polarization has the same direction. 



CHAP. XIX.* 

OK THE POULRIZATION OF LIGHT BY REFLEXION. 

(101.) In the year 1810, the celebrated French philosopher 
M. JVfalus, while looking through a prism of calcareous spar 
at the light of the settmg sun reflected from the windows of 
the Luxembourg palace in Paris, was led to the curious dis- 
covery, that a beam of light ' reflected from glass at an angle 
of 56°, or from water at an angle of 53°, possessed the venr 
same properties as one of the rays formed by a rhomb of cai 
careous spar ; that is, that it was wholly polarized, having its 
plane of polarization coincident with or parallel to the plane 
of reflexion. 

* For the formulie relating to thia chapter, aee (iu the College edition,) 
Appendix of Am. ed.. Chap. VI. 
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ThiB most curious and important fiust, which he fi)und to be 
true when the light was reflected from all other transparent 
or opaque bodies, excepting metals, gave birth to all those dis- 
coveries which have, in our own day, rendered this branch of 
knowledge one of the most interesting, as well as one of the 
most pei^t, of the physical sciences. 

In order to explain this and the other discoveries of Malui^ 
let C D, fig, 87., be a tube of brass or wood, having at one end 
of it a plate of glassy A, not quicksilvered, and capable of 




turning round an axis, so that it may form different angles 
with the axis of the tube. Let D G be a similar tube a little 
smaller than the other, and carrying a similar plate of ^lass B. 
If the tube D G is pushed into C D, we may, by tummg the 
<»ie or the other round, place the two glass plates in any po- 
sition in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the 
window-shutter, fall upon the glass plate A, at an angle of 56® 
45' ; and let the glass be so j^aced that the reflected ray r s 
may pass along the axis of tiie two tubes, and &11 upon the 
second plate of glass B at the point <. If the ray r s falls 
upon the second plate B at an angle of 56° 45' also, and if the 
plane of reflexion from this plate, or the plane passing through 
9 £ and s r, is at right angles to the plane oi reflexion from 
the first plate, or the plane passing through r R, r 9, the ray r 9 
vnU not mffer reflexion from B, or wiU be so &int as to be 
scarcely visible. The very same thing will happen if r < is a 
ray polarized by double reiraction, and having its plane of po- 
larization in the plane passing through r R, r s. Here tlkn 
we have a new property or test of polarized light, — that it 
will not suffer reflexion from a plate of glass B, wnen incident 
at an angle of 56° 45', and when the pluie of incidence or re- 
flexion is at right angles to the 'plane of polarization of the 
ray. If we now turn round the tube D G with the plate B, 
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without moving the tube C D, the last reflected ray s £ will 
become brighter and brighter till the tube has been turned 
round 90^, when the plane of reflexion from B is coincident 
with or parallel to that from A. In this position the reflected 
ray 5 £ is brightest By continuing to turn the tube D G, tbe 
ray s E becomes fainter and fainter, till, after being turned 90^ 
farther, tlie ray s E is faintest, or nearly vanishes, which hap- 
pens when the plane of reflexion from B is perpendicular to 
that from A. After a farther rotation of 90°, the ray s E will 
recover its greatest brightness ; and when, by a still farther 
rotation of S&°, the tube D G and plate B are brought back into 
their first position, the ray s E will again disappear. These 
eflects may be arranged in a table, as rollows : — 



Incttaatioa at tb« ptonea of tbe two ftflezioiw, or the 
f to peo R r * and r« E, or MiiaiitlM of the pluie r • B. 



WK> 

At anf l6B between 90^ and I8OO 

I8OO 

At angles between I8O0 and 270o 

270O 

At angles between 2TQO and 360o 

360Oor0O 

At angles between (P and 8OO . 
900 



Statu of bricbtiMM of tbe Image or nf « K icScctod 
ftom the eecond plat« B. 



Scarcely visible 

The image grows brighter and brighter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 

The image grows brighter and brighter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 



If we now substitute in place of the ray r s one of the po- 
larized rays or beams formed by Iceland spar, so that its plane 
of polarization is in the plane R r s, it will experience the 
very same changes as the ray R r does when polarized by re- 
flexion from A at an angle of 56^ 45'. Hence it is manifest, 
that a ray reflected at 56^ 45' from glass has all the properties 
of polarized light as produced by double refraction. 

(102.) In the preceding observations, the ray R r is sup- 
posed to be reflected only from the first surface of the glass ; 
but Malus found that the light reflected from the second sur- 
&ce of the glass ^as polarized at the same time with that re- 
flected from the first, although it obviously suffers reflexion at 
a difierent angle, viz. at an angle equal to the angle of refrac- 
tion at the first surface. 

The angle of 66° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle. 
When the light was reflected at angles greater or less £an 
56^ 45', Malus found that a portion of it only was polarized, 
the remaining portion possessing all the properties of common 
light The polarized portion diminished as the angle of inci- 
dence receded on either side from 56° 45', and Was nothing at 
0°, or a perpendicular incidence, and also nothing at 90°, or 
the inost oblique incidence. 



CHAP. XIX. POLARIZATION BY BEFLEXION. 145 

In continuing his experiments on this subject, Mains found 
that the angle of maximum polarization varied with different 
kidies ; and, after measuring it in varioas substances, he con- 
<*luded that it foUovos neither the order of the refractive 
powers nor that of the dispersive powers^ but that it is a prop* 
erty of bodies independent of the other modes of action whwh 
tkeg exercise upon UghL After he had determined the angles 
under which complete polarization takes place in difierent 
bodies, such as ^lass and water, he endeavored to ascertain the 
angle at which it took place at their separating sur&ces when 
|hey were put in contact In this inquiry, however, he did 
not succeed ; and he remarks, ^ that the law according to 
which this last angle depends on the first two remains to be 
determined**.' 

If a pencil or beam of light reflected at the maximum po- 
larizing angk i^m glass and other bodies were as completely 
polad^ as a pencil polarized by double refraction, then XhA 
tko pencils wodld have been equally invisible when reflected 
from the second plate, B, at the azmiuths 90^ and 270^ ; but 
this is not the case : the pencil polarizied by double refraction 
vanishes entirely when it passes through a second rhomb, even 
if it is a beam of the 6un*s ditect light ; whereas the pencil 
polarized by reflexion vanishes only S its lig[ht is &int, and if 
the plates A and B have a low dispersive power. When the 
son's li^t is used, there is a large quantity of unpolarized 
light, and this unpolarized light is gi'eatly increased when the 
plates A and B have a high dispersive power. This curious 
and most important &ct was not observed by Mains. 

A very pleasing and instructive variation of the general ex- 
periment showiK m fig, 87. occurred to me in exajninhig this 
subject 1( when ^e plates of glass A and B have the position 
Bhown in the figure where the luminous body from which the ray 
« E proceeds is invisible, we breathe gently upon the plate B, 
the ray « £ will be recovered, and me luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upoii the glass by 
breathing, and as water polarizes light at an angle of about 
53° 11', the glass B should have been inclined at ah angle of 
68° IV to the ray r 9, in order to be incapable of reflecting the 
polarized ray '^ Uit as it is inclined 56° 45' to the incident ray 
r y, it has the power of reflecting a portion of the fay rs. 

If the glass B is now placed at an angle of 53^ 11' to the 
ray r s^ it will then reflect a portion of the pcdarized ray r < to 

• W« neglect tbe consideration of the sepantinf rarfkoe of tbe water 
and flaaa, andiaptwM the glaaa B to be opaque. 

N 
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the eye at E ; but if we breathe upon the glass B, the re- 
flected light will disappear, because the reflecting surfiice is 
now water, and is placed at an angle of 53^ 11', the polarizing' 
angle for water. If therefore we place two glass plates at B^ 
the one inclined 56° 45', and the other 53° 11', to the beam 
r 9, sufficiently large to fall upon both, the luminous object 
will be visible in the one but not in the other; but if we 
breathe upon the two plates, we shall exhibit the paradox of 
reviving an invisible image, and extinguishing a visible one 
by the same breath. This experiment will be more strikiii^ 
if the ray r « is polarized by double refraction. 

«V On the Law of the Polarization of Light by Reflexiotu 

(103.) From a very extensive series of experiments made 
to determine the maximum polarizing angles of various bodies^ 
both solid and fluid, I was led, in 1614, to the foUowing simple 
law of the phenomena : — 

The index of refraction is the tangent of the angle of po* 
lariauUion, 

In order to explain this law, and to show how to find the 
polarizing angle fi>r any body whose index of refiraction ia 
known, let M N be the surftce of any transparent body, such 
as water. From any point, r, draw r A perpendiculaj- to M N, 
Fig. 8& Jig» 88., and round r as a centre de- 

scribe a circle, M A N D. From A 
draw A F, touching the circle at A, 
and from any scale on which A r is 1 
or 10 set off A F equal to 1-336 or 
13*36, the index of refraction for water. 
From F draw F r, which will be the 
incident ray that will be polarized by 
reflexion from the water in the direc- 
tion rS. The angle ArR will be 
58^ 11', or the angle of maximum polarization for water. 
This angle may be obtained more readily by looking fl)r 1-336 
in the column of natural tangents in a book of logarithms^ 
and there will be found opposite to it the corresponding angle 
of 53° 11'. If we calculate the angle of refraction T r i>, 
corresponding to the angle of incidence A r R, or determine 
it hy projection, we shall find it to be 36° 49'. 

From the preceding law we may draw the fl>llowixig con- 
clusions : — 

1. The maximum polarizing angle, for all substances what- 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement of 36° 49' is 53° 11', the polarizing 
angle. 




x;v> ■ V 




CHAP. XIX. FOLABIZATIOlf BT BBFLBXION. 147 

2. At the polarizing an^le, the som of the angles of inci- 
dence and refiraction is a right angle, or 90^. Thus, in water, 
the angle of incidence is 53^ 11', and that of refiaction 90® 
49*, and their sum is 90^. 

3. When a ray of light, R r, is polarized by reflexion, the re* 
fleeted ray, r S, forms a rie^ht angle witl^ the refracted ray, r T. 

When light is reflected at the second smrface of bodies, the 

law of polarization is as follows : — 

The index of refractUm is the cotangent of the ofigle of 

polarizaHon, 
In order to determine the an^le in this case, let M N be the 

second surface of any body such as water. From r draw r A 

perpendicular to M N, Jig, 89., and 
round r describe the circle M A N D. 
From A draw A F, touching the circle 
at A, and upon a scale in which r N is 1 
take A F equal to '7485, that is to j.jn 
the reciprocal of the index of refraction,* 
and from F drawFr ; the ray Rr will be 
polarized when reflected in the direction 
rS. The maximum polarizing anffle 
A r R will be 36° 49', exactly equalto 

the U||glc of refraction of the flrst surface. Hence it follows^ 

1. 'That the polarizing angle at the second surfiice of bodies 
is equal to the complement of the polarizing angle at the flrst, 
or to the angle of refraction at the first sur&ce. The reasoa 
is, therefore, obvious why the portions of a beam of light r^ 
fleeted at the first and second sur&ces of a transparent parallel 
plate are simultaneously polarized. 

2. That the angle which the reflected ray r S forms with 
the refiracted ray r T is a right angle. 

The laws of polarization now explained are applicable to 
the separating surfiices of two media of different refiractive 
powers. If the uppermost fluid is water, and the undermost 
^laas, then the index of refraction of their separating sur&ce 
IS equal to |'.|ff , to the greater index divided by the lesser, 
which is 1*1415. By using this index it will be found that the 
polarizing angle is 48^ 47'. 

When the ray moves flrom the less refractive substance 
into the greater, as from water to glass, as in the preceding 
case, we must make use of the law and the method above ex- 
plained for the Jirst surfiice of bodies; but when the ray 
moves from the greater refractive body into the less, as from 
oil of cassia to ^aas, we must use the law and method for the 

second surfiice of bodies. 

"^"™"»»""™'""'~'^'~^^'™~"»~"^™-~~^"~— ^"~~™''™^^'»' ^—^^-^ ■—.-*— ^-^p—»-»i^i.i^ 

* Tin tADfttnt of aa anfle to radiaa 1, m tha reciprocal of the eotanfonk 
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If we iav a panillel stnttum of water upon gissB whose 
index dTreniietion is 1*508, the ray reflected from the refracts 
Ing 8ur&ces will be polarized when the angle of incidence 
upon the first sar&ce of the water is 90^ 

(104.) The preceding observations are all iqiplicable to 
wMte light, or to the most luminous rays of the spectrum ; 
but, as every different color has a different index of rjefractiohf 
jtfae law enables us to determine the an^le of polarization for 
every different color, as in the followmg table, where it la 
Buppiosed that the most luminous ray of the spectrum is the 
mean one: — 



Water 



Red rays 



Mean rays 

Violet rays 

k Red rays 

Plate Glass < Mean rays 

f Violet rayfl 

I Red rays 

Oil ov Cassu < Mean rays 

f Violet rays 



Index or 
K«Arao 

tioB. 



1-330 
1-336 
1-342 
1-515 
1-525 
1-535 
1-597 
1-642 
1-687 



Maximum 
rolarislBf 
Angle 



530 4' 

53 11 

^ 19 

56 34 

56 45 

56 55 

57 57 

58 40 

59 21 



Dinraace between j 
the (rrmte*t and 
kwit Folarisi^ 
Aagtea. t . 



15' 



21' 



10 24' 



. The circumstance of the different rays of the spectrum 
being polarized at different angles, enables us to explain the 
exilBtence of unpolarized light at the maizimum polarizing 
ang^e, or why the ray s £, in Jig-. 87., never wholly viBinkhes. 
If we were to use red light, and set the two plates at angles of 
'56^ 84', the polarizing angle of glass for red h^ht, then the pen- 
cU s E would vanish entirely. But when the light is whiter and 
ithe angle at which the plates are set is 56° 45', or that ^ich 
iheikioigB to mean or yellow rays, then it is only the ydJxm rays 
•jthat will vanish in the pencil sE. A smsjl] portion of red and 
M small portion oS violet will be reflected, because the glasses 
/•re not set at their polarizing angles ; aiid the mixture of 
)tfa03e.two colots.will produce a purple icolor, Which will be 
that of the unpolarized light which retnains in the pencil s E. 
•If we place the plates at the angle belonging to the red ray, 
;4&en the red only will vanish, and the color of the unpo- 
iarized light will be bluish green. If we place the plates at 
the angle corresponding with the blue light, then the hlue 
only will vanish, and the unpolarized light will be cjf a reddish 
cast hi tM of cassia, diamond, chromate of lead, realg-ar, 
specular iron, and other highly dispersive substances, the coloi 
of the unpolarized light is extremely brilliant and beautiful 
Certain doubly refracting crystals, such as Icekmd spar 
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ehromate of lead^ &c., have different polarizing angles on dif* 
ferent sar&ces, and in different directions on the same sur- 
face ; but there is always one direction where the polarizai- 
tion is not affected by the doubly refracting force, or where 
the tangent of the polarizing angle is equu to the index of 
ordinary refraction. 

On the partial Polarization of Light by Reflexion, 

(105.) If, in the apparatus in Jig, 87., we make tiie ray R r 
fill upon the plate A at an angle greater or less than 56° 45*, 
then the my s E will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light, Malus called it 
partially polarized light, and considered it as composed of a 
portion of light perfectly polarized, and of another portion in 
the state of common light He found the quantity of polar- 
ized light to diminish as the angle of incidence receded from 
that 01 maximum polarization. 

M. Biot and M. Arago also maintained that partially polar* 
ized light consisted partly of polarized and partly of common 
light ; and the latter announced that, at regular angular dis- 
tances above and below the maximum polarizing angle, the 
reflected pencil contained the same proporticHi of polarized 
"^ liffht In St. GolrirCs glass he found that the same proportion 
CI light was polarized at an angle of incidence of 82° 48' as 
at 24° 18' ; in water he found that the same proportion was 
pobirized at 16° 12' as at 86° 31' ; but he remarks, « that the 
mathematical law which connects the value oithe quantity of 
polfurized light with the angle of incidence and the refractive 
power of the body hfiis not yet been discovered." 

In the investigation of this subject, I found that thougdi 
there was only, one an^le at which light could be completely 
polarized by one reflexion, yet it might be polarized at any 
angle of incidence by a suffidejU number of reflexions, as 
shown in the following Table. 



BBLOW THB 


POLAJIIZIN9 ANOLB. 


ABOVE TOB 


POLARIZIMO AMOLB. 


JTaof 


▲ogla «t which Uu Lif ht 


No. of 


Aagle at which th« IJ(ht 


BcflexioM. 


ia pohrlMd. 


Befl«zlou. 


is polnrifed. 


1 


56° 45' 


1 


56° 45' 


2 


50 26 


2 


62 30 


3 


46 30 


3 


65 33 


4 


43 51 


4 


67 33 


5 


41 43 


5 


69 1 


6 


40 


6 


.70 9 


• 7 


38 33 


7 


71 5 


8 


37 20 


8 


71 51 



N2 
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. . In polarizing light by successive redezioiis, it is not neces- 
inry that the reflexions be performed at tne same angle. 
Some of them may be above and some below the polarizing* 
angle, or all the reflexions may be perfiamed at different 
angles. 

From the preceding facts it fellows as a necessary conse- 
quence, that partially polarized light, or light reflected at an 
angle difiereiit froin the polarizmg angle, has suffered a physi« 
cal change, which enables it to be more easily polarized b;^ a 
subsequent reflexion. The light, for example, which remaina 
unpolarized alter Qve reflexions at 70°, in place of being com- 
:mon liffht, has j9uffeired such a physical change that it is capa- 
ble of being completely polarized by one reflexion more at 70^. 

This view of the subject has been rejected by M. Arago, as 
inconlpatible with experiments and speculations of his own ; 
and, in. estimating the value of the two opinions, Mr. Herschel 
has rejected mine as the least probable. It will be seen, how- 
. ever, irom the following facts, that it is capable of the most 
rigorous demonstration. 

It does not appear, &om the preceding inquiries, how a beam 
' of common light is converted into polarized light by reflexion. 
3y a series of experiments made in 1829i I have been able to 
remove this difficulty. It has been long known that a polar- 
4zed beam of light has its plane of polarization changed by re- 
flexion from bodies. If its plane is inclined 45° to the plax^ 
of reflexion, its inclination will be diminished by a reflexion at 
80°, still more by one at 70°, still more by one at 60° ; and at 
the polarizing angle the plane of the polarized ray will be in 
the plane of reflexion, the inclination commencing again at 
reflexions above the polarizing an^le, and increasing till atO°, 
<)r a perpendicular incidence, the mclination is again 45°."" 1 
how conceived a beam of common light, constituted as in fyf, 
.81^, to be incident on a reflecting surface, so that the plane of 
reflexion biJBected the angle of 90° Which the two planes of 
polarization, A B, C D, formed with each other, as shown in 
Jig;, 00.« No, 1., where MN is the plane pf reflexion, and 
AB, CD the planes of polarization of the beam of white 
light, each inclined 45° to M N. By a reflexion &om glassy 
where the index of refraction is 1*525, at 80°, the inclination 
of A B to M N will be 33° 13', as in Na 2., instead of 45° ; 
and in like manner the ihclination of C D to M N will be 33° 
13^ in place of 45° ; so that the inclmation of A B to C D in 

* Tlie rule for finding Ibe inclination is this :— Find the sum of the anglef 
of incidenoe and refraction, and also their difibrene^; divide the coaine of 
the focmer by the cosine of the latter, and the quotient will be the tangent 
of the inclination required. 
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place of 90<> is 66° 26', aa in Na 2. At an incidence of 65** 
the inclination of A B to C D will be 25° 36', aa in No. a ; 
and at the polarizingr angle of 56° 45' the planes A B, C D pf 
the two beams will be parallel or coincident, as in Na 4. At 
incidences below 56° 45' th^ planes wiU again open, and their 

Ifro. 1. j^^. 90. 

No. 2. No. 3. 







inclinatioi) will increase till at 0° of incidence it !s 90°, as in 
Na 1., naving been 25° 36' at an incidence of about 48° 15', 
as in No. 3., and 66° 26' at an incidence of about 30°, as in 
Na2. 

In the process now described, we see the manner in which 
common tightfns in No. 1., is converted into polarized lights 
as in Na 4, bj^ the action of a reflecting snnkce. Each of 
the two planes of its component polarized beams is turned 
round into a state of parallielism, go as to be a beam with only 
one plane of polarization, as in No. 4. ; a mode of polariza. 
tion essentially different in its nature from that of double re- 
fraction. The numbers in Jig. 90. present us with beams of 
light in different stages of polarization from common lig?Um 
No. 1. to polarized light m No. 4. In No. 2. the beam has 
made a certain approach to polarization, having suffered a 
physical change in the inclination ot its planes; and in No. 3. 
it has made a nearer approach to it Hence we discover the 
whole mystery oi partial polarization^ and we see that par* 
iiaUy polarized light is tight whose planes of polarization 
are inclined at angles less than 90° and greater than 0°. 
The influence of successive reflexions is therefore obvious. A 
reflexion at 80° will turn the planes, aJs in fig, 90., Na 2. ; 
another reflexion at 80° will bring them closer ; a third still 
closer ; and so on : and though they never can by this process 
be brought into a state of exact parallelism, as in No. 4. 
(which can only be done at the polarizing angle), yet they cjeui 
be broug-ht infinitely near it, so that the beam will appear as 
completely polarized as if it had been reflected at the polar- 
izing angle. The correctness of my former >x]periment8 and 
views is, therefore, demonstrated by the precedmg analysis of 
cominon light 

It is manifest from these views that partially polarized light 
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does not contain a single ray of completely polarized light ; 
and yet if we reflect it from the second plate B, in fig. 87., 
at the polarizing angle, a certain portion of it will disappear 
aa if it were polarized lif ht, a result which led to the mistake 
of Mdus and others. The light which thus disappears may 
be called apparently pcdarizealight ; and I have explained in 
another place* how we may determine its quantity at any 
angle of incidence, and for any refractive mediunL The fol- 
lowing Table contains some of the results for glass, whose in- 
dex of refraction is 1*525. The quantity of reflected light is 
calculated by a rule given by M. FresneL 



Aactaor 


or Polmrluttoo, ▲ B, 
CD,Jlr-M. 


QvtaUtT or reflected 


QmnCtty of polsriwtt 




Hajra oat of 1000. 


Sxjt unt or lOOB. 


0° 


90° 0' 


43-23 


0- 


20 


80 26 


43-41 


7-22 


40 


47 22 


4910 


33-25 


56 45' 





79-5 


79-5 


70 


37 41 


162-67 


129-8 


80 


66 26 


391-7 


156-6 


85 


78 24 


616-28 


123-75 


90 


90 


1000- 


0- 



CHAP. XX. 

OH THE POLARIZATIOJN OF UOHT BV ORDlNiOlT BXVBACTIOlf. 

(106.) Ai/FHOUOH it might have been presumed that the 
light refracted by bodies suflered some change, corresponding 
to that which it receives from reflexion, yet it was not untfl 
1811 that it was discovered that the refracted portion of die 
beam contained a portion of polarized lightf 

To explain this property of light, let R r, fig. 91., be a 
beam of light incident at a great angle, between S)° and 90°, 
on a horizontal plate of glass, Na 1. ; a portion of it will be 
reflected at its two surfaces, r and a, ana the refracted beam 
a is found to contain a small portion of polarized light 

If this beam a falls upon a second plate, Na 2., parallel 
to the first, it will suffer two reflexions; and the refracted 
pencil b will contain more polarized light than a. In like 
manner, by transmitting it through the plates Nos. v), 4, 5, and 

^1 ■ ■ ■ ■-■■■■■ — ^^^^ ■ iili— aiiii ■ ■■i^. I ■ ■■ ■■■■» I ■■■■■■■■■ 11 I .^^ , »■■■■■■ i^—^^^i—^^i^—^^^^^a 

* See PhU. 7Vaii#aettoiM, 1830, p. 76., or Edinbaw h JcunuU of SewnM, 
New Series, No. V., p. 160. 

t This discovery was made by independent observation by Malus. Biot, 
and tbe aatbor of this work. 
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6., the last re&acted pencil, fg^ will be fi>und to consist entirely, 
so fiir as the eye can judge, df polarized light But, what is 
very interesting, the beam fg is not polari^ in the plane ^ 
renactio^ or reflexion, but in a plane at right angles to it ; 
that is^ its plane of polarizatian is not represented by A' ^ 

1^.91. 




Jig, 81^ as IS the ordinary ray m Iceland spar, or as light 
pdarized hy reflexion, but by C D' like the extraordinaiy 
IVY in Iceland n)ar. From a great number of experiments, 
I K>und that the light of a wax candle at the distance of 10 
pr 12 teet was polarized at the following angles, by the Al- 
lowing number of plates of crown glass. 



Ko. of PtetM of 



8 
12 
16 
21 
24 



ObMrred Aagle* »ti 
which the YvaA\ 
■ to pobrited. 



79° 11' 
74 
69 4 
^ 21 
60 8. 



ITo. of Plate* of 
Ciowa OlaM 



27 
31 
35 
41 
47 



Obnrvcd AaglM ■« 
which Mm readl 
la [■"ifiriiiwli 



570 leK 

53 28 

50 5 

45 35 

41 41 



It £>llpws from the above experiments, that if we divide the 
number 41-iB4 by any ibUxhber of crown glass plat^ we shall 
have the tangent of the angle at which the beam is polarized 
by tiiat number. 

Ijfence it is obvious tha.t the power of polarizing the re- 
f]*acted li^t increases with the angle of incidence, beiqg no- 
thing or a minimum at a ^rpendicular incidence, or 0°, and 
the greatest possible tx a maximum at 90° of incidence. I 
fi)und, likewise, by various experiments, that the ppwer of po- 
larizing the light at any given angle increased with the re- 
fiuctive power of the oody, and consequently that a smaller 
number of plates of a highly refracting body was necessary 
than of ia refracting body of low power, the angle of incidence 
being the same. 

As JNfolus, Biot, and Arago considered the beams a, 6, &c., 
before they were completely polarized, as partially polarized^ 
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and as consisting of a portion of polarized and a portion of 
nnpolarized light ; so, on the other hand, I concluded from the 
following reasoning that the unpolarized light had sufiered a 
physical change, which made it approach to the state of com- 
plete polarization. For since sixteen plates are required to 
polarize completely a beam of light incident at an angle of 
60^, it is clear that eight plates will not polarize the whole 
beam at the same angle, but will leave a portion unpolarized. 
Now, if this portion were absolutely unpolarized like common 
light, it would require to pass through other sixteen plates, at 
an an^le of 69^, in order to be completely polarized ; but the 
truth 18, that it requires to pass through only eiffht plates to 
be completely polarized. Hence I conclude that me beam haa 
been nearly half polarized by the lirst eight plates, and the 
polarization completed by the other eiffht This oonclusioii, 
though rejected by both the French and English philoeophersi 
is capable of ri^d demonstration, as will appear from the fol- 
lowixig observationa 

In order to determine the change which refraclion produced 
in the plane of polarization of a polarized ray, I used prisma 
and plates of fi[lass, plates of water, and a plate of a highly ro- 
fractive metalLne glass ; and I found that a refracting surface 
produced the greatest change at the most oblique incSence, or 
that of 909 ; and that the change gradually diminished to a 
perpendicular incidence, or 0^, where it was nothing. I found 
also that the greatest effect produced by a single plate of glass 
was about 16^ SO', at an angle of 86^ ; that it was 3^ 54' at an 
angle <^ 55^, 1^ 12' at an angle of 35^, and 0^ at an anirle 
ofOo* 

A beam of common Ij^ht, therefore, constituted as in JS^. 
92., No. 1., with each of its planes A B, C D inclined 45® to 



No. 4. 



1^ 
the plane of refraction, will have these planes opened 16® SO' 

*The rule for finding tbe inelination after a single refi-action it as Ibl* 
lowv:— Find tlie difference between the angles of incidence and refi-action, 
and take the cosine of this diiference. This number will be the cotangent 
of the inclination required ; and twice this inclination will be the incuna- 
tioaof ABtoOO. 
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each, by one plate of glaas at an incidence of 86^ ; that in^ 
their inclination, in pkce of 90°, will he 128° IST, as in Na 
2. By the acticm of two or three plates more they will he 
opened wider, as in Na 3. ; and hy 7 or 8 plates the^ will he 
opened to near 180°, or so that A B, C D nearly coincide, as 
in No. 4., so as to form a single polarized heam, whose plane 
of polarization is perpendicular to the plane of refraction. I 
have shown, in another place,* that these planes can never he 
hrou|^ht into mathematical coincidence by any numher of re- 
fractions; but they approach so near to it that the pencil is, to 
all appearance, completely polarized with lights of ordinary 
strength. All the light polarized hy refraction is only par- 
tially polarized, and it has the same properties as that which 
is partially polarized by reflexion. A certain portion of the 
light of a beam thus partially polarized, will disamiear when 
TCTOCted at the polarizing angle from the plate Btjig* 87. ; 
and this quantity, which I have elsewhere shown how to cal- 
culate, is given in the following table lor a tingle surface of 
glass, whose index of refraction is 1*525. 



ABftooT 

loeidMMa. 


lacHntioB of tha PlUM 
or Potarisatlon A. B, D, 


Qautitr of ttaaanitted 
Bcytratof 1000. 


QMHlitr «r pntetaad 
MKfm ant of lOOOi 


0° 


90° 0' 


956-77 , 


, 


20 


90 26 


956-59 ^ 


7-22 


40 


92 


950-90 


32-2 


56° 45' 


94 58 


920-5 


79-5 


70 


98 56 


837-33 


129-8 


80 40^ 


104 55 


608-3 


156-7 


85 


108 44 


383-72 


123-7 


90 


112 58 









Although the quantity of light polarized by refraction, at 
given in the last column of this Table, is calculated by a 
formula essentially different from that by which the quantity 
of light polarized by reflexion was calculated ; yet it is cu- 
rious to see that the two quantities are precisely equal Hence 
we obtain the following law : — 

When a ray of common light is reflected and rrfr acted b^ 
any surface, the quantity of light polarized by refraction ts 
exactly equal t6 that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 
be from the experiments of M. Araga 

When the preceding method of anaWsis is aj^lied to th« 
liffht reflected by the second surfaces of plates, we obtain the 
fcMlowing curious law : — 

* See PkiL TranMoeHema^ 1830, p. 137., or Edinburgh Jwrnal tf SHmm, 
N«w fieriei, No. VI., p. 818. 
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A pencil of light reflected from the second surfaces of 
transpiarenZ .ptates, and reaching' the eye afUr two refrao' 
tiofis and an tntermediate reflexion^ contains at all angles of. 
iAcidenee, from 0^ to the maximum poiariasing angle, a por- 
tion of light polarized in the plane ofrefiexton. Above the, 
p(darixing angle, the part of the pencil polarized in the 
^ane of tejlestion diminishes, tiU the incidence becomes 78*» 
T in glass, when it disappears, and the whole pencil has the 
character ofeonttnon light Above this last angle the pencil 
containe a quantity of light polarized perpendicularly to the 
^ne of reflexion, which increases to a maximum, and then 
diminishes to nothing alt 90^.*. 

(107.) As a handle of glass plates acts upon light, aad po- 
larizes it as effectually as reflexion from the surface of glass 
at the polarizing angle, we may substitute a handle of glass 
plates in the apparatus, fig, 87., in place of the plates of glass 
A, B. Thus, if A O^^. d3.) is a bundle of glass plates which 

Fig. 93. 




polarizes the transmitted ray s t, then, if the second bundle B 
IS plac^ as in the figure^ with the planes of reaction of its 
plates parallel to the planes of refraction of the plates of A, 
the ray s t will penetrate the second bundle ; and if jvf is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of R If B is now tunled round its axis^ 
the transmitted liffht v w will gradually diminish, and more 
and more light wfll be reflected by the plates of the bundle, 
till, after a rotation of 90^, the ray v w will disappear, and all 
the light will be reflected. By continuing to turn round B^ 
the ray ^ w will reappear, and reach its maximum bnffhtneas 
a^ 18QP, its mipimum at 270^ and its maximum at (^, after 
having made one complete revolution. 

"By this apparatus we may perform the very same experi- 
ments with refracted polarized light that we did with reflected 
polarized light in the apparatus of fig, 87. 
, We have now described two methods of converting com- 
inon light into polarized light : l§t, Bv separating by double 
i^linLcUan the two oppositely polarized beams which constitute 
<K>nunoa light ; and, 2dly, By turning round, by the action ot 

• Se4 PkU, Trans. 1830, p. 145. ; or Edinburgk Joutnal ^ Seitnce, No. VU 
p. 3^ New l^riefl. 
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the reflecting and refracting forces, the planes of both these 
beams till they coincide, and thus form light polarized in one 
plane. Another method still remains to l^ noticed ; namely, 
to disperse or absorb one of the oppositely polarized beams 
which constitute common light, and leave the other beam po- 
larized in one plane. These effects may be produced by agate 
and tourmaline, &c. 

(106,) If we transmit a beam of common light through a 
plate of a^te, one of the oppositely polarized beams will be 
converted mto a nebulous light in one position, and the other 
polarized beam in another position, so that one of the polar- 
ized beams with a single plane of polarization is left. The 
same effect may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a particular manner, to produce a 
dispersion of one of the oppositely polarized beams.* 

When we transmit common light tiirough a thin plate of 
tourmaline, one of the oppositely polarized beams which con- 
stitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use, 
either in aJQ^rding a l^m of light polarized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. 



CHAP. XXL 

OK THB OQLOBS OF CRYSTALLIZED FLATBB IN 
POLARIZED UOHT. 

(109.) The splendid colors, and systems of colored ring% 
produced by transmitting* polarized light through transparent 
bodies that possess doub& refraction, are undoubtedly the most 
brilliant phenomena that can be exhibited. The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studied with great success by M. Biot and 
other authors. 

In order to exhibit these phenoipena, let a polarizing ap- 
paratus be prepared, similar in its nature to that in Jig. 87. ; 
but without the tubes, as shown in Jig. 94., where A is a plate 

> ■ ■'■■' ■ ■' I ■ . M l-. 

*9e€ EUnhurtrh Enefelopadia, vol. xv. pp. 600, 601.; Phil, Trans. 1819, 
p. 140. 

o 
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of glaa^hich polarizes the ray R r, incident upon it at aA 
angle aP 56° 45', and reflects it polarized in the direction r >, 
where it is received by a second plate of glass, B, whose plane 
df reflexion is at right angles to that of the plate A, and 
which reflects it to the eye at O, at an aDgle of 56° 45'. In 



Fig,H, 





y 



order that the polarized pencil r s may be sufficiently brilliant, 
ten or twelve plates of window glass, or, what is better 
stOl, of thin and well-annealed flint glass, should be substi- 
tuted in pkce of the single plate A. The plate or plates at 
A are called the polarizing plates, because their only use is 
to furnish us with a broad and bright beam of polarized light. 
The plate fi is called ihe analyzing platey because its use ia 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placied between the eye and the 
polarizing plate.. 

If the beam of light R r proceeds from the sky, which will 
answer well enough fi)r common purposes, then an eye placed 
at O will see, in the direction O 9, the part of the sky from 
which the beam R r proceeds. But as r « wDl be polarized 
light if it is reflected at 56° 45' from A, almost none of it wOl 
be reflected to the eye at O from the plate B ; that is, the eye 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are not placed at the 
proper inclinations to each other. When a position is found, 
cither by moving A or B, or both, at which the black spot ia 
darkest, the apparatus is properly adjusted. 

(110.) Having procured a thin film of sulphate of lime' or 
mica, between the 20th and the 60th of an inch thick, and 
which may be split by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
shown at C E D F, so that the polarized beam r s may pass 
through it perpendicularly. If we now apply the eye at O, 
and look towards the black spot in the direction O s, we ^all 
see the surface of the plate of sulphate of lime entirely cov- 
ered with the most brilliant colors. If its thickness is per- 
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fec% uiiilbnn throughoat, its tint will be perfectly Qnifi>rm ; 
but if it has different thicknesses, every diflferent thickness 
will display a different color — some red, some green, some 
blue, and some yellow, and all of the most brilliant descrifh 
tion. If we turn the film C E D F round, keeping it perpen- 
dicular to the polarized beam, the colors will become less or 
more bright without changing their nature, and two lines, 
C D, E F at right angles will he found, so that when either of 
them is in the plane of reflexion r « O, no colors whatever are 
perceived, and the black spot will be seen as if the sulphate 
of lime had not been interposed, or as if a piece of common 
glass had been substituted for it It will also be observed, l^ 
continuing the rotation of the sulphate of lime, that the colors 
again begin to appear; and reach their greatest brightness 
when either of the lines G H, L E, which are inclined 45P to 
C D, E F, are in the plane of reflexion raO. The plane II r f, 
or the plane in which the light is polarized, is called the plane 
of primitive polarization ; the lines CD, EF, the neutral 
axes ; and G H, K L, the depolarizing axes, because they de- 
polarize, or change the polarization of the polarized beam r a. 
The brilliancy or intensity of the colors increases gradually, 
from the position of no color, to that in which it is the most 
brilliant 

Let us now suppose the plate C E D F to be fixed in the po- 
sition where it gives the brightest color ; namely, when G H 
is perpendicular to the plane of primitive polarization R r «, 
or parallel to the plane r « O, and let the color be red. Let 
the analyzing plate B be made to revolve round the ray r a^ 
beginning its motion at 0°, and preserving always the same 
inclination to the ray r «, viz. 56^ 45'. The brightest red 
being now visible at OP, when the plate B begins to move from 
its position shown in the figure, its brightness will graduallT 
diminish till B has turned round 45S when the red color will 
wholly disappear, and the black spot in the sky be seen. Be- 
yond 45^ a raint green will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bright- 
ness at 90^. Beyond 90° the green becomes paler and paler 
till it disappears at 135°. Here the red agam appears, and 
reaches its maximum brightness at 180°. The very same 
changes are repeated while the plate B passes from 180^ 
round to its first poeitioa at 360° or 0°. From this experi- 
ment it appears, &at when the film C E D F alone revolve^ 
only one color is seen ; and when the plate B only revolves^ 
two colors are seen during* each half of its revolution. 

If we repeat the precedW experiment with films of diffeiw 
jBnt thicknesses, that give di&rent colors, we shall find that the 
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two colors are always complementary to each other, or to- 
gether make white light 

(111.) In order tt) understand the cause of these beautiful 
phen<»nena, let the eye be placed between the film and the 
plate B, and it will be seen that the light transmitted throuo^h 
the film is white, whatever be the position of the film. The 
separation of the colors is therefore produced, or the white 
light is analyzed, by reflexion from the plate B. Now, sul- 
phate of lime is a doubly refracting crystal ; and one of its 
neutral axes, C D, is the section of a plane passing through its 
axis, while £ F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes, for 
example E F, to be placed, as in the figure, in the plane of po- 
larization Krs of the polarized light ; then this ray will not be 
doubled, but will pass into the ordinary ray of the crystallized 
film ; and falling upon B, it will not sufier reflexion. In like 
manner, if C D is brought into the plane Rrs, it will pass 
entirely into the ordinary ray, which, falling upon B, will not 
suffer reflexion. In these two positions c^ Sie film, therefore, 
it forms only a single image or beam ; and as the plane of po- 
larization of this image or beam is at right angles to the plane 
of reflexion from B, none of it is reflected to the eye at O. 
But in every other position of the doubly refracting film 
C E D F, it forms two images of difl[erent intensities, as may 
be inferred from fig. 86. ; and when either of the depolarizing 
axes G H or K L is in the plane of primitive polarization, the 
two images are of equal brightness, and are polarized in op- 
posite planes ; one in the plane of primitive polarization, and 
the other at right angles to it Now, one of these images is 
red, and the other green, for reasons which will be afterwards 
explained ; and as the green is polarized in the plane of primi- 
tive polarization R r «, it does not sufier reflexion from the 
plate B ; while the red, being polarized at right angles to that 
plane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90^, the red will 
not suffer reflexion from it ; while the green wUl sufier re- 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light trans- 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and 
refusing to reflect the other half, which is polarized in an op- 
posite plane. If the two beams had been each white light, as 
they are in thick plates of sulphate of lime, in place of seeing 
two different colors during the revolution of the plate B, the 
reflected pencil s O would have undergone different variations 
of brightness, according as the two oppositely polarized beams 
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of white light were more or less reflected hy it; the positioiis 
of greatest brightness being those where the red and green 
colors were the brightest, and the darkest points being those 
where no cdor was visible. 

(112.) The analysis of the white beam composed of two 
beams of red and green light, has obviously been effected by 
the power of the plate to r^sct the one and to transmit or 
refract the other ; but the same beam may be analyzed by va- 
rious other method& If we make it pass through a rhomb of 
calcareous spar sufficiently thick to separate by double refrac- 
tion the red from the green beam, we shall at the same time 
see both the colored beams, which we could not do in the for- 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the plate B, and suIk 
stitute for it a rhomb of calcareous spar, with its principal sec- 
tion in the plane of reflexion r « O, or perpendicular to the 
plane of primitive polarization R r «, and let the rhomb have 
« round aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the fllm 
C £ D F, and the eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary one 
having vanished. Replace the film, with its neutral axes as in 
the figure, parallel and perpendicular to the plane R r «, and 
no ofiect will be produced ; but if either of tiie depolarizing 
axes are brought into the plane R r «, the ordinary image cv 
the aperture will be a brilliant red^ and the extraordinary 
image a brilliant green ; the double refraction of the rhomb 
having separated these two differently colored and oppositelv 
polarized beams. By turning round the fihn, the colors will 
vary in brightness ; but the same image will always have the 
same color. If we now keep the film fixed in the position 
that gives the finest colors, and move the rhomb of calcareous 
spar round, so that its principal section shall make a complete 
revolution, we shall find that, after revolving 45^ from its first 
position, both images become white. After revolving 90^, the 
.ordinary image tiuit was formerly red is now green, and the 
extraordinary image that was formerly green is now red. The 
two images become again white at 135°, 225°, and 315° ; and 
at 180°, the ordinary image is again red, and the extraordi- 
.nary one green ; and at 270°, the ordinary image is green^ 
and the omer red. 

If we use a large circular aperture on the face of the 
rhomb, the ordinary and extraordinary images O, £ will over- 
lap each other, as in fig. 05. ; the overlappinff parts at F G 
being pure white light, and the parts at G and £> having the 

.02 
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colors above described. This experiment afibrds ocular de- 
monstration that the two colors at C and D are comple- 
mentary, and form white light 

The analysis of the compound beam transmitted by the sul- 
phate of lime may also be effected by a plate of agate, or by 




any of the crystals, artificially prepared feat the purpose of 
dispersing one of the component 1>eams. The a^te beiii|r 
placed between the eye and the film C £ D F, it will disperse 
mto nebulous light the red beam, and enable the green one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye. With 
a proper piece of agate this experiment is both beautiful and 
instructive ; as the nebulous light, scattered round the brigrht 
image, will be green when the distinct image is red, and red 
when the distinct image is green. 

The analysis may also be effected by the absorption of four- 
maline and other similar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and sufiers the 
^een to pass. The yellow color of the tourmaline, however, 
IS a disadvantage. 

The analysis may also be performed by a bundle of glass 
plates, such as A or B, fig, 93. In one position such a bundle 
will transmit all the red, and reflect all the green; while in 
another ppsition it will transmit all the green, and reflect all 
the red, in the opposite manner, but according to the same 
rules as the analyzing plate B, fig, 94. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been supposed such as to give a red and a 
green tint ; but if we take a film 0'00046 of an English inch 
Slick, and place it at C E D P in fig, 94., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 thick will 
give the lohite of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 0-01818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
of ^ the cdora Films or plater of intermediate thicknesses 
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between 0-00124 and 0-01818 will give all the intermediate 
colors in Newton's Table between the white of the first order 
and the white arising from the mixture of all the colors. That 
is, the colors reflect^ to the eye at O will be those in column 
2d, while the colors observed by turning round the plate B 
will be those in column 3d ; the one set of colors correspond- 
ing to the reflected tints, and the other to tlie transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in the 
Table, we must have recourse to the numbers in the last col- 
umn for gla»^ which has nearly the same refractive power as 
sulphate of lime. Suppose it is required to have the thickness 
which corresponds to the red of the first spectrum or order of 
colors. The number in the column for glass, opposite red, is 
5} ; then, since the ivhite of the first order is produced by a 
film 0*00124 of an inch thick, the number corresponding to 
which is d| in the ccdumn for glass, we say, as 3| is to 5|, so 
is 0*00124 to 0-00211, the thickness which will give the red 
of the first order. In the same manner, by having the thick- 
ness of any film of this substance, we can determine tbe color 
which it will produce. 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of sulphate of lime, 
with its thickness varying from 0*00124 to 0*01818 of an inch, 
we should observe at once all the colors in Newton's Table in 
parallel stripes. An experiment of the same kind may be 
made in the following manner : — ^Take a plate of sulphate of 
lime, M N, fig, 06., whose thickness exceeds 0*01818 of an 

Fig.W. 




inch. Cement it with isinglass on a plate of glass; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tool a concave or hollow surface between A and B, turning it 
00 thin at the centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in water, 
the water will after some time dissolve a small portion of its 
substance, and polish the turned sur&ce to a certain degrea 
l£ the plate is now held at C £ D F, fig, 94., we shall see all 
the colors in Newton's Table in the form of concentric rings. 
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as shown in the figure. If the thickness diminishes rapidly 
the rings will be closely packed to^etlier, but if tlie turned 
Buriiice is large, and the thickness diminishes slowly, the col- 
ored bands will be broad. In place of turning out the con- 
cavity, it might be dope better by grinding it out, by applying 
a convex sur&ce of great radius, and using the finest emery. 
When the plate M N is thus prepared, we may give the most 
perfect polish to the turned surmce by cementing upon it a 
plate of glass with Canada balsam. The balsam wiU dry, and 
the plate may be preserved for any length of time. 

By the method now described, the most beautiful patterns, 
such as are produced in brnk-notes, &c., may be turned upon 
a plate of sulphate of lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compose the pattern 
may be turned to different depths, so as to leave di£^ent 
thicknesses of the mineral, and the grooves of different depths 
wiU all appear as different colors, when the pattern is held in 
the apparatus in Jig, 94. Ck>lored drawings of figures and 
landscapes may in luce manner be executed, by scraping away 
the mineral to the thickness that will give the required colors ; 
or the effect may be produced by an etching ground, and 
using water and other fluid solvents of sulpluite of lime to 
reduce the mineral to the required thicknessea A cipher 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refractive power as 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read in polarized light, when placed at 
CEDFin^.04. 

As the colors produced in the preceding experiments vary 
with the different thicknesses of the booy which produces 
them, it is obvious that two films put togemer, as they lie in 
the crystal with similar Hues coiucident or parallel, will pro-^ 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the tv^o 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last column in NevTton's 
Table, p. 98., is 5|, while the other gives the red of the 2A 
order, whose number is 11|; then by adding these numbers, we 
get 17, which corresponds in the Table \a greenish yeUow of the 
dd order. But if the two plates are crossed, so that similar lines 
in the one are at right angles to similar lines in the other, 
then the tint or color which they produce will be that which 
belongs to the difference of their thicknesses. Thus, in the 
present case, the di&rence of the -above numbers is 6^, which 
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oorresponds in the Table to a reddish violet of the second 
order. If the plates which are thus crossed are equally thick, 
and produce the same colors, they will destr^ each other's 
ejects, and blackness will be produced ; the difference o£ the 
jiambers in the Table being 0. Upon this principle, we may 
prodace colors by crossing plates of such a thickness as to 
give no colors separately, provided the difierence of their 
Siickness does not exceed 001818 ; for if the difference of 
their thickness is greater than this, the tint will be white, and 
beyond the limits of the Table. 

If the polarized light employed in the preceding experi- 
ments is homogeneous, then the colors reflected from the plate 
B will always be those of the homogeneous light employed. 
In red light, for example, the colors or rather shades wnich 
succeed each other, with different thicknesses of the mineral, 
will be red at one thickness, black at another, red at another, 
and black at another, and so on with all the different colors. 

If we place the specimen shown in^^. 98. in violet light, the 
rings A B will be less than in red light ; and in intermediate 
colors they will be of intermediate magnitudes, exactly as in 
the rings of thin plates formerly described. When white light 
is used, all the different sets of rings are combined in the very 
same manner as we have already explained, in thjn plates of 
air, and will form by their combinations the various colored 
rings in Newton's Table. 



CHAP. XXIL 

ON THE 8TSTEM OF COLORED RINGS IN GBY8TAUI WTTR 

ONE AXIS. 

(114.) In all the preceding experiments the film C E D F 
must be held at such a distance from the eye, or from the plate 
B, that its surface may be distmctly seen, and in the apparatus 
used by different philosophers this distance was considerable. 
In the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in fig-. 94., between the crystal and 
the eye, to reflect the light transmitted through the crystal. 
By this means I discovered the systems of rings formed along 
the axes of crystals with one and two axes, which fi)nn the 
most splendid phenomena in optical science, and which by 
their analysis have led philosophers to the most important dis- 
coveries. 
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I diicoTered them in nitr^, em 
great variety of other bodies « 
obeerred them in Iceland spar. 

Id Older to observe the system of tinga round a aingle ajda 

of doable retraction, ^rind down the niimnita or obtuse angles 

A X of a rhomb of Inland spar, ^7. 72., and replace them bj 

plane and polished surlaces perpendicular to the axis of doublo 

refraction A X. But bh this is not an easy operation witbout 

the aid of a lapidary, I have adopted the following' method, 

which enables us to transmit light aloBg the axil A X withcmt 

iojoiing the rhomh. Let C DE F, J^. ffl., be the princip»f 

„ sectiiHi of the rhomb; cranent npon 

*■ " its surfaces C D. F JE. with Canada 

^- A./ balsam, two prisms, D L K. P G H, 

^^^^■^H^ '"^"^ ^^ "^'^ L D K, G F H 

^^H^^^^^A each equal to awut 45° ; and by let- 

ItM^l^^^^^ir ting full a ray of Ijgfat perp^tdicu- 

^^H^H^^^ft lar^ upon the face D I^ it will pass 

xV^B^^^^^^^B along Uie axis A X, and emerge pe» 

^W pendiculariy through the ftce F G. 

Let the rhomb thus prepared be held 

in the polarized beam ra,_fig. &!, so that r« may. pass along 

the axis A X, and let it be he!d as near the piate B as passible. 

When the eye ia held very near to B, and looks along O > aa 

it were through the redected image of the rhomb C ^ it will 

perceive along its axis AX a splendid ^stem of cd(»«dringa 

leMDibling that abown in^. 96., intereected by a lectangtilnr 

nr-M. 



black cross, A B C D, the arms of which meet at the centre 
«t the ri(^ The ctdors in these rings are exactly the nme 
H (hose m Newton's Table of colors, and consequently the 
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same as the systenr of rings seen by reflexion from the plate 
of air between the object glasses. If we turn the rhomb 
round its axis, the rings will suffer no change ; but if we fix 
the rhomb, or hold it steadily, and turn round the plate B, 
then, in the azimuths 0°, 90°, 180«>, and 270° of ite revolution, 
we ciiall see the same system of rings; but at the intermediate 
azimuths of 45^ 135^ 225^ and did"", we shall see another 
system, like that m j^. 99., in which all tlie colors are com- 
plementary to those in^^. 96., being the same as those seen 

Fig. 99. 




in the rings formed by transmission througrh the plate of air. 
The superposition of these two systems of rings would repro- 
duce white light. 

Jf^ in place of the glass plate B, we substitute a prlSm of 
calcareous spar, that separates its two images ^eatly, or a 
rhomb of great thickness, we shall see in the ordmary image 
the 'first system of rings, and in the extraordinary image the 
. second system of complementary rings, when tne principal 
section of the prism or rhomb is in the plane r « O as formerb 
described. 

As the light which forms the first system of rings is polarized 
in an opposite plane to that which terms the second system, 
we may disperse the one system by a^ate, or absorb it by 
toumudine^ and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position of the agate or the tourmaline. 

If we split the rhomb of calcareous spar,^^. 97., into two 
plates by the fissure M N, and examine the rings produced by 
each plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
ness of the plate diminishes. It will also be found that the 
circular area contained within any one ring is to the circular 
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area of any other ring, as the number in Newton's Table ccnr- 
responding to the tint of the one ring is to the number corre- 
sponding to the tint of the other. 

If we use homogeneous light, we shall find that the rin^ 
are smallefet in violet li^t and largest in red light, and of in- 
termediate sizes in the mtermediate colors, consisting alwajns 
of rings of the color of the light employed, separated by black 
rings. In white light all the rings formed by the seven dif. 
ferent colors are combined, and constitute the colored system 
above described, according to the principles which were fully 
explained in Chapter XII. 

(115.) All the other crystals which have one axis of double 
refraction, give a similar system of rings along their axis of 
double refraction ; but those produced by the positive crystals, 
such as 2;trco7i, ice, &c., though to the eye they differ in no 
respect from those of the negative crystals, yet possess di^ 
ferent properties. If we take a system of rings formed by 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an effect which might have been 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we combine two plates of negative crystals, such as Ice- 
land spar and beryl, the system of rings which they produce 
will be such as would be formed by two plates of Iceland spar^ 
one of which is the plate employed, and the other a plate 
which gives rings of the same size as the plate of beryl. But 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of zir- 
con or ice, the resulting system of rings, in place of arising^ 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the difier- 
ence of the thicknesses of the plate of Iceland spar employed, 
and another plate of Iceland spar that would give rings of the 
same size as those produced by the zircon or ice. 

These experiments of combining rings are not easily made, 
unless we employ crystals which have external faces perpen- 
dicular to the axis of double refraction, such as the variety of 
Iceland spar called spath calcaire basee, some of the micas 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to coincide, by placing between them, 
at their edges, two or three small pieces of soft wax, by press- 
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tag which in djf^F6n|; dir^ctipnsrwe may produce a sufficiently 
accurate cdinciclence of the systems of rings to establish tbe 
preceding conclusions. 

If, when two systems of rings are thus combined, either 
both negative or both positive, or the one negative and the 
other positive, we interpose between the plates Which produce 
them crystallized films of sulphate of lime or mica, we shall 
produce the most beautiful changes in the form and character 
of the ringfs. ^his experiment I found to be particularly 
^endid when the film was placed between two plates of the 
^ath cdUcaire hasee of the same thickness, and taken from the 
s^e crystal By fixing them permanently with their faces 
parallel, and leaving a sufficient interval between them for 
tlie mtrodiiction of films of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
nngs were lio longer symmetrical round their axis, but exhib- 
ited the most "beautiful variety of forms during the rotation of 
the combined plates, all of which are easily dedacible from the 
general laws of double refraction and polarization. 

The table of crystals that have negative doqble refraction 
shows the bodies that have a negative system of rings ; ieLnd 
the table of positive crystals indicates those that have a poisi- 
tive system of rings. 

(116.) The following is the miethod which I have used for 
distinguishing whether any system of rings is positive 6t 
negative. Take a film of sulphate of lime, such as that showh 
at C E D F, fig, 94., and mark upon its surface the lirtes or 
neutral axes CD, E I( as nearly as may be. Fix this film by 
a little wax on the surface, L D or P G, fig. 97., of the rhomp 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
combined with the rhomb, obliterate part of the red ring of 
the second order, either in the two quadraiats A C, B D, Jf^. 
98., or in the other two, A D!, C B. Let it obliterate the red 
in A C, B p ; then if the line C T>,fig. 94., of tlie film crosses 
these twp quadrants at ri^ht angles to th6 rings, it will be th^ 
priricipai axi$ of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line E F, which crosses the 
quadrants A C, B B, will be tlie principal axis of sulphate of 
lime, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis, 
'Then, if we wish to examine whether any other system of 
rin^ is positive or hegatiye> we have only to cross the rings 
wim the axis C D, by mterposing the film : aiid if it objitet- 
ates tiiQ red rin^ of the second order in the quadrant which it 
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crosses, the system wDI be negative ; but if it obliterates the 
same ring in the other two quadrants which it does not cross, 
then the system will be positive. It is of no consequence 
what color the film polarizes, as it will always obliterate the 
tint of the same nature in the system of rings under exam- 
ination. 

(117.) In order to explain the fermaiion of the systems oF 
rings seen alon^ the axes of crystals, we must consider the ' 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of double refrac- 
tion or the axis of the rin^ We have already shown how 
the tint or color varies with the thickness of the crystallized 
body, and how, when we know the color for one thickness, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of. inclination to the 
axia It is obvious that along the axis of the crystal, where 
the two black lines A B, C Dfjig. 98., cross each other, there 
is neither double refraction nor color. When the polarized 
ray is slig^htly inclined to the axis, a faint tint appears, like 
the blue m the first order of Newton's scale ; and as the incli- 
nation gradually increases, all the colors in Newton's table are 
product in succession, from the very black of the first order 
up to the reddish white of the seventh order. Here, then, it 
appears that an increase in the inclination of the poliarized 
light to the axis corresponds to. an increase of thickness ; so 
that if the light always passed through the same thicfaiess of 
the mineral, the different colors of the scale would be pro- 
duced by difference of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Newton's table, vaiy as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently, the similar tints will be at 
eqtud distances from the axis of the rings, or the lines of equcd 
tint or rings will be circles whose centre is in the axis. Let 
us suppose that at an inclination of 30^ to the axis we observe 
the blue of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45^. The sine 
of 2(y> is '5, and its square -25. The sine of 45'' is -7071, and 
its square .5. Then we say, as -25 is to 9, so is -5 to 18, which 
in the table is the numerical value of the red of the third 
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order. If we suppose the thickness of the mmeral to be in- 
creased at the inclinations 20° and 45°, then the numerical 
value of the tint would increase in the same proportion. 

It is obvious from what has been said, that the polarizing 
i&rce, or that which produces the rings, vanishes when the 
double refraction vanishes, and increases and diminishes with 
the double refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of double re* 
fraction; and we accordingly find that crystals with high 
double refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
the axis. In order to compare the polarizing intensities of 
different crystals, the best way is to compare Sie tints which 
they produce at right angles to the axis where the force of 
double refraction and pdarization is a maximum, and with a 
given thickness of the mineral. Thus, in the case ^ven 
above, we may find the tint at right angles to the axis, by 
taking the square of the sine of 90°, which is 1 ; so that we 
have the following proportion : as*25isto9, soislto36, the 
"value of the maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value of 9 
was produced at an inclination of 30°. If we have measured 
the thickness of Iceland spar at which the t&t 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar with that of any otiier mineral. Thus, let us take a plate 
of quartz^ and let us suppose that at an inclination of 90°, 
ana with a thickness fifty-one times as great as that of the 
plate of Iceland spar, it produces a yettmo of the first order, 
whose value is about 4 Then to find the tint at 90°, or at 
rij?ht angles to the axis, we say, as the square of the sine of 
S^, or %, is to 4 so is the square of the sine of 90°, or 1, to 
16, the tmt at 90°, or the green of the third order. Now the 
polarizing power or intensity of the Iceland spar would have 
been to that of the quartz as 36 to 16, or 2^ times as great, if 
the thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multiplied by 2^ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the following have been 
given by Mr. Herschel : — 
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PoUtrizing Jntensitiet of Crystals toiih One Axis. 



Iceland spar - - ~ 
Hydrate of strontia - 
Tourmaline ... 
Hyposulphate of lime . 
Quartz ..... 
Apophyllite, Ist variety 
(Pamphor .... 
Vesuvian . . . . 
Appphyllite, 2d variety 
3d variety 



Vala«of 
UchMt flnt. 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



ThkkDCMn ttavt prudue* 
the Mine Tint. 



0-000028 
0-000802 
0^1175 
0-002129 
0^03024 
0-009150 
0-009656 
0-024170 
0-0303174 
6-3G6620 



J 



T!he above measures are suited lo veUow light, and the 
nufobera in the second column show the proportions of the 
tiiicknedses of the different substances that produce the same 
tinL The polarizing force of Icelaiki spar is so enbrraoaa at 
rfg^t angles to the axis, that it is alihost impracticabliB to pre- 
ijare a mm bf it sufficiently thin to exhibit tne colors in New* 
ton's table. 



CHAP. xxra. 

OH THB BTSTJiMS OF COLORED RlSIQB IN CRT8TAL8 WITB 

TWO AXES. 

1^118.) It was long believed that aft crystals had onlV btte 
%x;s cf double refraction ; but, after I discovered the <i(l>u|^e 
^'isjnkem of 'rings in topaz imd other minerals^ F found that thj&Qie 
^ii^erais had two axes of double refraclidh as well ks of pcjlaT- 
jl^tion, and that the possession of two 'as?6S charaictCTiziE^ the 
^treat body of crystals which are eithet 'fbrniecl by kft, 6r 
•which occur in the mineral kin^otn. 

' tte double ^stem of rings, or rather 6nh df the sets of thc^ 
■"(double system Of rings in topaz, first presfenlied itself tb me 
'wlien I was lobkiiig along the axis of topaz!. Which reflected 'a 
'Ji^t of the light of the slty that happened to be 'polarized, so 
%at they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other fhiiiefals, however, 
the axes of double refraction are so much inclined to one an- 
other, that we cannot see the two systems of rings at once. I 
shall therefore proceed to explain them as exhibited by nitre^ 
in which I also discovered them and examined many of their 
properties. 
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Nitn, or tallpetrt, is ui utificia] nibttance which crrMal- 
lizes in eix-eidcd prisms with aagles of about 120°. It ImongB 
to the prismatic system of Mobs, and has therefore two itxes 
ti double refraction along nbicb a ray of light is not divided 
into two. These axes are each inclined abmt 3^° to the axil 
of the prism, and about 6° to each other. If, therefore, wo cut 
off a piece ot a prism of nitre with a knife driven by a smart 
blow fpxa a hammer, and polish two flat suriaces peqiendicu- 
lar to the axis (^ the prism, so as to leave a thicknesa of tho 
fiixth or eighth of an inch, and then transmit the polariied 
-light r «, J^. 94., alonp the axis of the prism, keepinc- tha 
crystal as near to the plate B as possible on one side, and tha 
eye as near it as possible on tha other, we shall see the double 
eystem of rino;^ A B, shown in Jig. 100., when the plane pass- 
ing through Sio two axes of nitre is in the plane of primitiva 
JV- im. rff. 101. 




poUrizaticHi, or in the plane of refiexion r < 0, fig. 04., and 
the system shown in^. 101. when the same pUno is inclined 
45° to either of these planes. . In passing from the state of 
fig. 100. to ikM^fig. 101., the blach lines assume the fonna 
ahown injEg-s. 102. and 103. 

"" le systems of rings liave, generally speaking, the same 
19 those of thin pistes, or as those of the systems <i 
-' - - The orders rf colors commence at tlia 

P2 
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centni A *nfl B of e»ch e^rtem; bot «'b ceiwln abtaSc^ 
wliQi inj^. lOO. coTTespoodB to the sixth lin^, the ritig^ m 




place vX retuming and encirclmg each pole A ud B, encir^ 
cle the two polea as ui ellipse does its two fbci. 

Whm we ditniniah the thicknesa of the plate of nitre, tbe 
rings enlarge ; the ^tlh Tin? will then suiroiutd both polea. 
At a less thicliness, the fourUi ring vill surround them, till at 
last all the rings will euriound both poles, and the ejBtem trill 
have a great resemblance to the Eystem Eurronnding one a-xia. 
The [dace of the polee A, B never changes, but the black 
lines A B, C D become broad and indefinite ; and the wbat« 

rtem is distinguished from the single system principally by 
oval appearance of the rings. 
If we increase tbe tiiickness e^ the nitre, (he rings will di- 
minish in size ; the colors will loae their resemblance to those 
of Newton's scale; and the tints do not commence at tbe 
poles A, B, but at virtual pales tn their proximity. The color 
of the rings within the two poles is red, and without them 
Uue i and the great bod^ of the rings ip pink and green. 
As tbe same color exists in eyery part of the same carve. 



retraction or polarization, and whoae poles are A, B, Jig. 100^ 
have been called tmticql axet, or axes of no polatiitation, tx 
"axes of compentatum, or reMldnl axes ; because they hiavs 
beeta feund not to be real axs", hut lines along which the (^ 
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' ponte actionB of other two real axes have been compeniaUd, 
or destroy one BDother. 

(119.) In various crystaltized bodies, snch as nitre and or- 
ragonite, where the inclinatioD of the rendtant axet. A, B, 
jSg-. 100., is small, the two ajetema of rings may be easily 
seen at the satne time ; but when the inclination of the result- 
ant axes is great, as in topaz, aidphale of ircm, &c., we can 
only see one of the aystema of rings, which may be done moat 
advantageously by grinding and polishing two parallel ftcea 
perpendicular to the aris of t^e rings. In mica and topai, 
and various other crystals, the plane ol most emment cleavage 
b equally inclined to the two resultant axes ; ao that in such 
bodies the Hystems of rings may be readily found tai easllr 
eidiibited. 

Let M N, for example,^. 104, be a jdate of tofax, cut or 
Bidit BO as to have its bee perpendicular to the axik Of tt« 



fmnn in which this body cnratallizea. If we ji^ee this plate, 
J^. 101., in the apparatus^. M. so that the polarixed r^ r«^ 
Fir lOJ. -i^- ^' P™" '^°°S tlw 'ine ABeE, 

J^. 104., and if the eye receives thia 
lay when reflected trom the analyzibtf 
plate B, it will see in the directkai of 
that ray a ^stem of oval ringa, liko 
that in fig. 106. In like manner, if 
the pdanzed liHit is tianamitted aloDg 

i the line C B d D, the eye will see an- 
other system perfectly similar to tho 
first ThelineaABeEandCBdD 
are, therefere, the resultant axea of 
topaz. The angle A B C will be flHmd 
equal to about 121° 16'; but if we 
compute the inctinatkniof the refract- 
ed rays B d, B e, we diall find it, o* 
the angled Be, to beonljrOS"; which 
is, therefore, the inclinUioa of the op' 
tieat Ot reavlttmi weet of topaz. 
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If we suppoee the plate of nitre fixed in any of the poaitianfl 
which give any of t£^ rings shown in^^«. 100, 101, 102, or 
103., then, if we turn round the plate B, we shall observe in 
the azimuths of 90^ and 270° a system of rings complement- 
ary to each, in which the hlack cross in fig, 100. and the 
black hyperbolic curves in figs, 101. 103. are white, all the 
other dark parts light, and the red green, the green redj &c 
as in the single system of rings v/ith one axis. 

In the preceding observations we have supposed the polari- 
zation of the incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
certain cases they may be shown by common light with the 
analyzing pkte, or by polarized light without the analyzings 

{>late B, and in some cases without either the light being po- 
arized or analyzed. If in topaz, for example, fig, 104, ive 
allow common light to fall in the direction A B, so as to be 
refracted along B e, one of the resultant axes, and subsequently 
reflected at e from the second surface, and reaching the eye 
at c, we shall see, after reflexion from the analyzing plate, 
the system of rings in fig. 105. ; or if A B is polariz^ ligT^^ 
the rings will be seen by the eye at c without an analyzing* 
plate. There are several other curious phenomena seen under 
these circumstances, which I have described in the PhiL 
Tranwctions for 1814, p. 203. 211. 

I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing- 
plate ; and Mr. Herschel has found the same property in some 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by polar- 
ized homogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals ; the curves having- 
always the color of the light employed. In many crystals the 
diflerence in the size of the rings seen in difierent colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place ; but Mr. Herschel found that there 
were crystak, such as tartrate of potash and soeUi, in which 
the variation in the size' of the rmffs was enormous, being* 
greenest in red, and least in violet li^ht, and in which the 
distance A Byfigs, 100. 101., or the inclination of ^e resultant 
axes, varied from 56^ in violet light to 76° in red, the inclina- 
tion having intermediate values for intermediate colors, and 
the centres of all the difierent systems lying in tiie line A B. 
When all these systems of rings are combined, as they are in 
using white light, the system of rings which they form is ex- 
Mceedmgly irregular, the two oval centres, or the halves of the 
first oraer of colors, bemg drawn out with long spectra or 
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taits of red, green, and violet li^t, and the ends of all the 
other rings oeing red without the resultant axes, and blue 
within. 

Mr. Herscftiel found other crystals in which the rings are 
^nmllest in red, and largest in blue light, and in which the 
inclination of the axes or A B is least in red, and greatest in 
violet light 

In all crystals of this kind, the deviation of the tints, or the 
colors of the rings seen in white light, from Newton's Table 
is ver^ considerable, and may be calculated from the preceding 
principles. This deviation I found to be very great, even in 
crystals with ohe axis of double refraction and one system of 
Tings, such as apophyUite where the rings have scarcely any 
other tints than a succession of greenish yellow, and reddish 
mirple ones. By viewing these rings in nomogeneous light, 
Mr. Herschel has found &at the system is a negative one for 
the rays at the one end of the spectrum, a positive one for the 
rays at the other end of the spectrum, and that there are no 
tings at all in yellow light 

A si!milar aiid eqiialTy curious anomaly I have found in 
glatO^erite, which is a crystal which has tWo axes of double 
refraction, or two systems of rings for red light, and one nega* 
tive system for violet light 

(121). All the singularities of these phenomena disappear, 
'«na may be rigor6usly calculated by suppo^g the re^u/ton/ 
€fxes of Crystals where there are twoy or the single axis wheris 
iSiere is one, with a system of rings deviating m>m Newton's 
)Kale, as merely apparent axes, or axes of compensation, pro- 
'dviced by the oppoGfite action of two or more rectangular axes, 
the principal one of Which is the line bisecting the angle 
fi>rmed.by the two resultant axes. Upon this principle, I bave 
'iftiown meX all the phenomena presented by such crystals may 
be computed with as much accuracy as we can compute th« 
motions of the heavenly bodies. 

The method of doing this may be understood from the fol- 
lowing observations. Let A C B D, 
fig, 106., be a crystal with two axes 
turned into a sphere. Let P, P be the 
poles of the axes, O the point bisecting^ 
them, and A B a line passing through 
O, and perpendicular to C D, a line 
passing through P, P. Let us suppose 
an axis to pass through O, perpendicu- 
lar to the plane AC B D, then we mav 
account for all the phenomena of such 
crystals, by supposing the axis at O to be the principal one, 
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and the other axis to he along either of the diameters A B or 
CD. If we take C D, then the axes O and C D must be both 
of the same name, either both positive or both negative ; but 
if we take A B, the axes must be one positive and the other 
negative ; or, what is perhaps the simplest supposition for il- 
lustration, we shall suppose the two rectangular axes which 
produce all the phenomena to be AB, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the sphere, then 
P, P are the points where the axis A B destroys the effect of 
the axis C D ; that is, where Uie tints produced by each axis 
must be equal and opposite. Now, if we suppose the arch 
C P to be 60^ then, since A P is 90°, it follows that the axis 
C D produces at 60° the same tint that A B does at 90°, and 
consequently the polarizing intensity of C D will be to that 
of A B as the square of the sine of £K)° is to the square of the 
sine of 60°, or as 1 to 0-75, or as 100 to 75. The polarizingr 
force of each axis being thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, by the method formerly explain- 
ed. Let £ be any point on the surface of the sphere, and let 
the tints produced at that point be 9, or the blwe of the second 
order, by C D, and 16, or the green of the third order, W A B. 
Let the inclination of the planes passing through A £, C C, 
or the spherical angle C £ A be determined, then the tint at 
the point E will correspond to the diagonal of a parallelogram 
whose sides are 9 and 16, and whose angle is double the anfi^Ie 
C £ A. This law, which is general, and applies also to double 
refraction, has been confirmed \sj Biot and Fresnel, the last 
of whom has proved that it coincides rigorously with the law 
deduced from- the theory of waves. 

If the axes A B, C I) are equal, it follows that they will 
produce the same tint at equal mclinations; that is, they will 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored rin^ the very same as if 
O were a single axis of double refraction of an opposite name 
to A B, C D. If the axis A B has exactly the same propor- 
tional action that C D has upon each of the differently colored 
rays, a compensation will take place for each color exactly at 
O, the centre of the resultant systems of rings, and the colors 
will be exactly those of Newton's scale. But if each axis ex- 
ercises a difierent proportional action upon the colored rays, a 
compensation will take place at O for some of the rays (for 
violet, for example), while the compensation for red will take 
place on each side of O ; consequently, in such a case the 
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crystal will have one axis for violet light, and Uoo axes for red 
Jight, like glauberite. 

The phenomena of apophyllite may, in a similar manner, 
be explained by two equal negative axes, A B» C D, and a 
positive axis at O. 

According to this method of combining the action of di^ 
ferent rectan^lar axes, it follows that three equal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the sphere, and thus produce the 
very jsame effect as if the crystal had no double refraction and 
polarization at all. Upon this principle I have explained the 
absence of double refraction in all the crystals which form the 
tesBular svstem of Mobs, each of the primitive forms of which 
has actually three similarly situated and rectangular axes. If 
one of these axes is not precisely equal to the other, and the 
crystallization not perfectly unirorm, traces of double refrac- 
tion will appear, which is found to be the case in muriate of 
sodOf diamond, and other bodies of this class. 

(122.) The following table contains the polarizinff inten- 
sities of some crystals with two axes, as given by Mr. Her- 
flchel : — 

Polarizing Intentities of CryttaU wOh Two Axes, 



Nitre - 

Anhydrite, inclination of axes 43° 48^ 
Mica, inclination of axes 45° . . . 

Sulphate of baryta 

Heulandite (white), inclination of 
axes 54° ir 



ValMoT 

U|hw( 
Tint. 



n 



7400 

1900 

1307 

521 

249 



ThickBMM* 

iut. 



tint 



0000135 
0000526 
0*000765 
0-001920 

0-004021 



CHAP. XXIV. 

OrnCRFERXNCE OF POLAItlZED UGHT.— ON THE 0AV8K OF THB 
COLORS'OF CRTfiTTAIXIZED SODIVB, 

(123.) Haying thus described the principal phenomena of 
the colors produced by regularly crystallized bodies that pos- 
sess one or ttoo axes of double refraction, we shall proceed to 
explain the cause of these remarkable phenomena. 

br. Young had the great merit of applying the doctrine of 
interference to explain the colors produced by double refrac- 
tion. When a pencil of light falls upon a thin plate of • 
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doubly refracting crystal, it is separated into two, which move 
through the plate with different velocities, corresponding* to 
the different indices of refraction for the ordinary and extra- 
ordinary ray. In calcareous spar, the ordinary ray moves 
with greater velocity than the extraordinary one ; and there- 
fore Uiey ought to interfere with one another, and in homo- 
geneous light produce rings consisting of bright and dark cir- 
cles round the axis of douUe refraction. According to this 
dpctrine, however,' the rings ought to be produced in common 
a9 wetl as in polarized light; but as this was not the case, I>r. 
Voung^s ingenious hypothesis was long neglected. The sub- 
ject was at last taken up by Messrs. Fresnel and Arago, who 
displayed great address in their investigation of the subject, 
ana succeeded in showing how the production of tlie rings de- 
piended on the polarization of the incident pencil and its sub- 
sequent analysis by a reflecting plate or a doubly re&acting' 
prism. 

The following are the laws of the interference of polarized 
light as discovered by MM. Fresnel and Arago : — 

1. When ttDO rays polarized in the same plane interfere 
with each others they will produce by their interference frtng-es 
of the very same kind as if they were common light. 

This law nwy be proved by repeating the experiments on 
the inflexion of light; mentioned m Cb^p.. XI., in polanzed in 
place of common light; and it will be found that the very 
same fringes are prcSuced in the one case as in the other. 

2, When two rays of light are polarized at right angles 
to each other, they produce no colored fringes in the same cir'^ 
cumstances under which two rays of common light tootild 
produce theni When the rays are polarized at angles inters 
mediate between 0** and 90^, they produce fringes of inter* 
mediate brightness, the fringes being totally Miterated at 
90°, and recovering their greatest brightness a< 0°, as in 
Law 1. 

In order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two fine slits in a thin 
{ilate of copper, he placed the copper hehind the ibcus F of a 
ens, as in fig, 56., and received the shadow of the copper 
tipon the screen C D, where the fringes produced by the inter- 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the fringes more accurately, he 
viewed them with an eye-glass, as formerly described. He 
next prepared a bundle of transparent plates, like either of 
those shown at A and h,fig, 93., made of fifteen thin films of 
nnUca ^ plane glaUi and he divided this bundle into two, bjr 
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a sharp cutting instrament At the line of division these 
bundles had as nearly as possible the same thickness, and they 
were capable of polarizing completely light incident upon 
them at an angle of 30^. These bundles were then placed 
before the slits so as to receive and transmit the rays from the 
focus F at an incidence of 80^, and through portions of the 
mica in each bundle that were very near to each other pre- 
vious to their separation. The bundles were also fixed to re- 
volving frames, so that, by turning either bundle round, their 
planes of polarization could be made either parallel or at right 
angles to each other, or could be inclined at any intermediate 
angle. When the bundles were placed so as to polarize the 
rays in parallel {danes, the fringes were formed by the slitG[ 
exactly as when the bundles were removed; but when the 
rays were polarized at 90^, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared witn intermediate degrees of brightness. 

d. Two rays originaUy polarized at right angles to each 
qther may he subsequently brought into the same plane ofpo* 
hrizattouj without acquiring the power of forming fringes 
by their interference, 

. If, in the precedinfi^ experiment, a doubly refhU^ting crystal 
be placed between me eye and the copper slits, having its 
principal section inclined 45^ to either of the planes of polari- 
ntion of the interfering rays, each pencil will be separated 
into two equal ones polarized in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, therefore, to be produced ; one system from 
the interference of the ordinary rayjrom the ri^ht hand slit 
with that of the ordinary ray from the left handslitt and an- 
other system from the interference of the extraordinary ray 
from the rijfht hand slit with the extraordinary ray from the 
left hand sltt ; but no such fringes are produced. 

4 Jhoo rays polarized at right angles to each other^ and 
afterwards brought into similar planes of polarization, prO' 
duce fringes by their interference like rays of common light, 
provided they belong to a pencil, the whole of which was 
originally pAarized in the same plane, 

^ In the phenomena of interference produced by rays that 
Atfre suffered double refraction, a difference of half an undu-^ 
lotion must be allowed, as one of the pencils is retarded by 
that quantity from some unknown cause. 

The second of these laws affords a direct explanation of 
the fact which perplexed Dr. Young, that no fringes are ob- 
served when light is transmitted through a thin plate possess- 
ing dorible refraction The two pencils thus produced do not 

Q 



183 A TBSATX8B ON OPTICS* FAST II« 

form fringes hy their interference, becanse they are polarized 
in opposite planes. 

The production of the fringes by the action of doubly re- 
fracting crystals on polarized light may be thus explained, 
liet M Nffig, 107., be a section of the plate of sulphate of 
^, J07. lime, C E D F, fig. 94., and B the anar 

lyzing plate. Let R r be a polarized 
ray incident upon the plate M N, and 
let O and E be the onlinary and ex- 
traordinary rays produced by the 





1 ^^^ double refraction of the plate M N. 
When the plate M N is in such a po- 
S sition that either of its neutral axes 

C D, E F, Jig. 94., are in the plane of primitive polarization 
of the ray R r^Jiff. 107., then one of the pencils will not suf- 
fer reflexion by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by interference, because there is only one ray. 
But in every other position of the plate M N, the two ra3r8, 
O s, E «, will be reflected by the plate B; and being polarized 
by the plate in the same plane, they will, by Law 1., mterfere» 
and produce a color or a fringe correspondinsr to the retardation 
of one of the rays within the plate, arising u'om the diflerence 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the or- 
dinary to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90°, M N remainmg fixed, 
then the ray E will be reduced to the ordinary state ; and con- 
sequently we must subtract half an undulation from <2, the in* 
terval of retardation within the plate, to have the read differ- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will difier by a whole undulation ; and conse* 
quently the color produced when the plate B has been turned 
round 90°, will be complementary to that which is produced 
when the plate B has the position shown in^^. 107. 

If we suppose the rays E and O to be received upon and 
analyzed by a prism of Iceland spar, we shall have two or- 
dinary rays interfering to form the colors in one image, and 
two extraordinary rays interfering to produce the complement- 
ary colors in the other image. 
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on Tax poLABiziHa nvvorvBB of ahalcihr. 
(124.) In a precediDg chapter I have mentknied the very 
remarkable double reftnction which is possessed by aualcime. 
This mineral, which ib also called cabixitt, has been regarded 
by miDerato^ats as having the cnbe fis ita primitive fbna ; but 
if this were correct, it should have eihibiied no double rehac- 
tion. Aualcime hsa certainly no cleavage planes, and it must 
be regarded at present as Ibiming in this respect as great an 
anomaly in crystallography as it does in optics by its extn.- 
ordinary optical phenomena. 

The most common fiarm of the aualcime is the soitd called 
the icontetrakednm, which is bounded by twentj-fbur equal 
and simikr trapezia ; and we may regard it as derived from 
the cube, by cutting off each of ita angles by three planes 
equally incuoed to the three &ces which ccntain the solid 
angle. If we now conceive the cube to be dissected by planes 
passing through all the twelve diagonals of its six &ces, each 
of these planes will be fi>uiid to be a plane of no double ro- 
fiwslioB, or polarization ; that is, a ray M polariEed light tntDS- 
jnitted in any direction whatever, provided it is in one of these 
{danes, will exhibit none of the polarized tints when tiie 
crystal is placed in the apparatus, fig. 94. These planes of 
DO double retracticHi are nwwn by dark lines in figi. 106. and 
Fie. iw- 109. If the polarized ray is in- 

cident in any direction which 
is out of these planes, it will 
be divided into two pencils, and 
exhibit the finest tints, all of 
which are related lo the planes of 
no double retraction- The double 
'''■ ^"^ reftaction is sufficiently great to 

admit a distinct sepaiation of the 
images when the incident ray 
passes through any pair of the 
ibur planes which are adjacent to 
, the three axes of the solid, or of 
L the cube from which it is derived. 
r The least refracted image is ttie 



quently the double refraction is 
negative in relation to the axes 
to which the douMy refi«cted ray 
is perpendicular. 
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in all other doubly refracting^ crystals, each particle has the 
same force of double refraction; but in the analcime, the 
double refraction of eaph particle varies with the sc^uare of its 
distance from the planes already described. 

The beautiM distribution of the tints shown in J^gs, 108. 
and 109. cannot, of course, be exhibited to the eye at once, 
but are deduced by transmitting pokrised l^ht wi every 
direction through the mineral. 

In several of the crystals, the tints rise to the &iid and 
fourth order ; but when the crystals are very small, the tints 
do not exceed the white of the fijrst order. The tints are ex- 
actly those of Newton^s scale, which indicates that they are 
not the result of opposite and dissimilar actions. Inj^^«. 108. 
and 109. the tints are represented by the &int shaded ]ines 
having their origin from the planes where the double refrac- 
tion disappears. 

The preceding property of analcime 19 a oimple and easily 
apjxlied minerakigical character, which would identify the most 
shapeless fragment of the mineraL 

The abbe Hauy first observed in this mineral ^ piroper^ 
of yielding no electricity by friction, and derived the name of 
analcime from its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether cibes not exist at all, or has its properties neutralized 
hy opposite actions, we may ascribe to this cause the difficult 
with which friction decomposes the natural quantity of eleo- 
triciCy residing in the mineraL 
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CM CIRCCLAB FOLARIZATIOlf. 

(125). In all crystals with one axis there is neither double 
refraction nor polarization along the axis ; and this is indicated 
in the system of rings, by the disappearance of all light in the 
centre of the rings at the intersection dT the black cross. 
When we examine, however, the system of rings produced 
by a plate of rock crystal whose faces are perpendicular to the 
axis, we find that the black cross is obliterated witliin the 
inner ring, which is occupied with a uniform tint of red, 
green, or blue, according to the thickness of the plate. This 
effect will be seen in Jig. 110. M. Arago first observed 
these colors in 1811. He found that when tiiey were analyzed 
by a prism of Iceland spar, the two images luud complementary 
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colora, and that the colors changed, descending in Newton's 

Fig. 110. Male aa the prism revolvai ; bo that if 

the color of the extitwrdinary image 

was red, it became in Bucceaaioa oranee, 

yellow, green, and violet. From Siia 

I result he concluded, that the differently 
colored nje had been polarized in dif- 
ferent planes, bj passing along the axis 
of the rock crystAl. In this state of the 
subject, it naa taken up bj M. Biot, who 
investigated it with much ogacity and 

Let C E D P be the plate of quartz, .fig. 94,, along whose 
utia a polarized raj, ri, is transoiitted.. When the eye is 
placed at O, above tbe anajyiing plate fixed as in the Sgore, 
it will see, for example, a circular red space in the centre of 
the rings. If we turn tbe quuta round its ajcis, no change 
whatever takes place ; hut if we turn the pkta B Irom right 
to left, througii an angle of 100° for example, we shsll observe 
the red chanee to orot^e, ydiow, green, and violet, the latter 
having a, darl purple tinge. If we now cut from the suae 
prism of rock crystal anoUier plate of twice tbe thickness, and 
Blace it in the apparatus, the plate B remaining where it was 
letl, we shall find that its tint is difierent from that of the 
former plate ; but by turning the plate B 100° farther, we 
^all again brW the tiut to its least brightness, viz., a sombre 
violet. By a pUte thrice as thick, the least brightness will 
be obtained by turning the piste B 100° farther, and so on, till, 
nhen the thickness is very great, the plate B may liave made 
several complete revolutions. Now, it might happen that a 
ftickneaa had been taken, so that the rotadcm of B which pro- 
duced the sombre violet wa« 360°, or terminated in the point 
0°, from which it set out, which would have perplexed the 
pbaerver, if be bad not niade the succession <^ ezperimenia 
which we have mentioned. 

This phenomenon will be better understood, by supposing 
that we take a pkte of tpuirti j'^th of an inch thick, and use 
the difierent homogeneous tavs i^ the spectrum in succession. 
Beginning with red, we shall find that tbe red light in the 
centre of the rings has its maximum brightneii^ihen the 
:4ale B is at 0° of azimuth, as in J^. 94. If we turn B from 
I'ight to left, the red tint will gradually decrease, and sAer a 
'Otation of 174" ^^ "^ t™' ""l' "A^y vanith, having reacb- 
'd its minimum. With a plate ^ths thick, the red wiU 
«nish at 35°, every additional thickness of the 25th of an 
'nch leqniring an additional rotation of 171°. If the light is 
Q.2 
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violetj the same thickness, viz., ^h of an inch, will require a 
rotation of 41° to make it vanish, every additional 25th of 
an inch of thickness requiring a rotation of 41° more. 

(126.) The rotations for different cplors corresponding to 1 
millimetre, or ^th of an inch of quartz, are as fbUows : — 



Homofenetoa lUy. 



Extreme red 

Mean red 

Limit of red and orange • 

Mean orange 

Limit of orange and yellow 

Mean yeUow 

Li oil t of yellow and green- 
Mean greeo ... 



Am of 

Botatiou. 



170 30' 

19 00 

90 2tf 

21 24 

22 19 

24 00 

25 40 
27 51 



HomogcDcovB Bay. 



Limit of green and blue - 

Mean blue 

Limit of blue and indigo 
Mean indigo . . - - 
Limit of indigo and violet 

Mean violet 

Extreme violet ... 



Awntt 



30003' 

32 19 

34 34 

36 07 

37 41 
40 534 
44 05 



Upon trying various specimens of quartz, M. Biot fixmd 
that there were several in which the very same phenomena 
were produced fay turning the plate B from left to ri^hL 
Hence, in reference to this property, quartz may be divided 
into right-handed and left-handed quartz. 

Prom these interesting facts it follows, that, in passing 
along the axis of quartz, polarized light comports itself^ at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral within the crystal, in some speci- 
mens from right to left, and in others from left to right. ^ To 
conceive this distinction,** says Mr. Herschel, ^ let the reader 
take a common cork-screw, and holding it toith the head Uh 
wards Aim, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same wav as the 
plane ci polarization of a ray, in its progress ftrom the spec- 
tator through nrright'handed crystal, may be conceived to da 
If the thread of £e cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the head 
as t^e instrument advances would represent tliat of the plane 
of polarization in a left-handed specimen of rock crystal" 

From the opposite characters of these two varieties of quartz, 
it follows, that if we combine a plate of rightrhanded with a 
plate of Itft'hcmded f^MKTtz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknesses. Thus, if a 
plate TjSyth of an inch thick of right-handed qtmrtz is combined 
with a plate ^ths ih\c\L of left-handed quartz, the same colors 
will be produced as if we used a plate Tr^^ths of an inch 
thick of lift-handed quartz. When the thicknesses are equal, 
the plates of course destroy each other's e^cts, and the sys- 
tem of rings witli the black cross will be distinctly seen. 

(127.) In examining the phenomena of circular polarization. 
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in the amethyst, I found that it possessed the power in the 
same specimen of turning the planes of polarization both 
from right to left and from left to right, and that it actually 
consisted of alternate strata of right and left-handed quartz^ 
whose planes were parallel to the axis of double refraction of 
the prism. When we cut a plate perpendicular to the axis of 
the prism, we therefore cut across these strata, as shown in 
fig. 111., which exhibits sections of the strata which occur 
Fig. 111. opposite the three alternate faces of the 

six-sided prism. The shaded lines are 
those which turn the planes of polariza- 
tion from right to left, while the inter- 
mediate unshaded ones and the three un- 
shaded sectors turn them from left to 
right. These strata are not united to- 
gether like the parts of certain composite 
crystals, whose dissimilar faces are 
brought into mechanical contact ; for the 
right and lefl-handed strata destroy each 
other at the middle line between each stratum, and each stra^ 
tum has its maximum polarizing force in its middle line, the 
force diminishing gradually to the lines of junction. 

In some specimens of amethyst the thickness of these strata 
is so minute, that the action of the right-handed stratum ex- 
tends nearly to the central line of the lefl-handed stratum, 
and vice versd, so as nearly to destroy each other ; and hence 
in such specimens we see the system of colored rings with 
the black cross almost entirely uninfluenced by the tints of 
circular polarization. A vein of amethyst, therefore, Jyth of 
on inch thick in the direction of the axis, may be so thin in a 
direction perpendicular to the axis that the arc of rotation for 
the red ray may be 0° ; and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectrmn. By a greater degree of 
thinness in the strata, the plate would be incapable of polar- 
izing circularly the yellow ray; and by a greater thinness 
still, there would be no action on the violet light. These 
feeble actions, however, might be rendered visible at great 
thicknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0° to each of the numbers in the preceding 
table, accordmg to the thickness of the strata. 

The coloring matter of the amethyst I have found to be 
curiously distributed in reference to these views; but I must 
refer to the original memoir for ftirther information.* 

■ 11 M l I . II I — III I ^— ■ 

* Edinburgh Tramsaetiona^ vol. ix. p. 138. 
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M. Biot maintained that this remarkable property of quartz 
redded in its ultimate particles, and accompanied them in aU 
their combinations. I have found, however, that it is not pos- 
sessed by opal, tabasheer, and other silicious bodies, and that 
it disappears in melted quartz, Mr. Herschel also fbund that 
it does not exist in a solution of silica in potash. 
Fir 112. Hidierto no connexion could be traced between 
ji, the right and left-handed structure in (juartz, and 
the crystalline form of the specimens which possess- 
ed these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz which contains 
unsymmetrical faces, x x x^fig, 112., turns the planes 
of polarization in the same direction in which these 
faces lean round the summits Axx, axx. 

Circular Polarization in Fluids. 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain flui<&, in which it 
was discovered by M. Biot and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
H in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and pla^e it in the apparatus, Jig, 94., so that polarized light 
transmitted throuffh the oil may be reflected to the eye from 
the plate B, we shall observe the complementary colors and a 
distinct rotation of the plane of polarization from rig?a to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the following table, 
which contains the results of M. Biofs experiments. 

Crystals whi<^ turn the Planes from Right to Left 




Rock crystal 

Oil of turpentine 

Solution of 1753 parts of artificial camphor 

in 17359 of alcohol 

Essential oil of laurel. 



turpentine. 



A.rc of BoUtioB 
fbr every 95th 
of an iaeli la 
ThickneM. 



180 26' 
16 

01 



RelstlTcTMck. 
IMMM that 
prodnce th« 
same UAH-t. 



1 

68^ 



CrysUxU which turn the Planes from Left to Right 





Arc of KoUtf on 

«( an Incb la 
Thifkneae. 


Ri^IaUva Tbirk- 
n?Mca that 
|i.tidac« the 
aame Kflret. 


R/v>lr #>inra*al __>__-_•_•_ 


ISO 25' 
26 
33 


1 

38 


Eawntial oil of lemons 

Concentrated syrup (from sugar) ... - 
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In. examining these phenomena, M. Fresnel discovered that 
in quartz they were produced by the interference of two 
pencils formed by double refraction along the axis of the quartz. 
He succeeded in separating these two pencils, which differ 
both from common and polarized light They differ from 
polarized light, because when either of them is doubled by a 
doubly refracting crystal, the pencil or image never vanishes 
during the revolution of the crystal. They differ from com- 
mon light, because when they suffer two total reflexions from 
plass, at an an^le of about 54^, the one will emerge polarized 
in a plane inclmed 45° to the right, and the other in a plane 
45° to the left, of the plane of total reflexion. M. Fresnel 
has also discovered the following properties of a circularly 
polarized ray : — When it is transmitted through a thin doubly 
refracting plate parallel to its axis, it is divided into two 
pencils with complementary colors ; and these colors will be 
an exact quarter of a tint, or an order of colors, either higher 
or lower in Newton's scale, than the color which the same* 
crystallized plate would have given by polarized light M. 
Fresnel also proved that a circularly polarized ray, when 
tpansmitted along the axis of rock crystal, will not exhibit th^ 
complementary colors when analyzed. 

(129.) In the prosecution of this curious subject, M. Fresnel 
discovered the following method of producing a ray possessing 
all the above properties, and therefore exactly similar to one 
of the pencils produced by circular double refractibn. Ijct 
ABC t),fiff. 113., be a parallelopiped of crown glass, whose 
index of remiction is 1*510, and whose angles A B C, A D C 
are each 54^°. If a common polarized ray, R r, is incident 

perpendicularly upon A B, and emerges 
perpendicularly from C D, after having 
suffered two total reflexions at £ and F> at 
angles of 54^^ ; and if these reflexions are 
peribrmed in a plane inclined 45^ to tlie 
plane of polarization of the ray, the emer- 
gent ray.F G will have all the properties 
of a circalarly polarized ray, resembling in 
every respect one of those produced by 
double refraction along the axis of rock 
crystal. But as this circularly polarized 
ray may be restored to a single plane of 
polarization, inclined 45° to the plane of reflexion, by two 
total reflexions at 54^°, it follows, and I have verified the re- 
sult by observation, that if the parallelopiped A B C D is 
sufficiently long, the pencil will emerge circularly polarized. 
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at 2, 6, 10, 14, 18 reflexions, and polarized in a single plane 
after 4, 8, 12, 16, 20 reflexions. 

M. Fresnel proved that the ray Rr would emerge at G, 
circularly polarized by three total reflexions at 69° 12', and 
four total reflexions at 74° 42^. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized by 9, 
15, 21, 27, &c. reflexions at 69° 12\ and restored to common 
polarized light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 26, 96, 
d&c. reflexions at 74° 42*, and be restored to common polar- 
ized light by 8, 16, 24, 32, &c. reflexions. 

I have found that circular polarization can be produced by 
2J, 7^, 12j^ &c. reflexions, or any other number which is a 
multiple of 2^ ; for though we cannot see the ray in the mid- 
dle of a reflexion, yet we can show it when it is restored to a 
single plane of polarization, at 5, 10, 15 reflexions.''' When 
we use homogeneous light, we find that the angle at which 
circular polarization is produced is different lor the diflerendy 
colored rays; and hence these di^rent rays cannot be restored 
to a single plane of polarization at the same angle of reflexion. 
Complementary colors will therefore be produced, such as I 
described long ago, and which, I believe, have not been ob- 
served by any other personf These colors are essentially 
different from those of common polarized light, and will be 
understood when we come to explain those of elliptical poliuv 
ization. 



CHAP. xxvn. 

OK XLUpnoAL polahization, and oil THE AcnoH or 

METAIiS UPON LIORT. 

On Elliptical Polarization. 

(130.) The action of metals upon light has always present- 
ed a troublesome anomaly to the philosopher. Mains at first 
announced that they produced no effect whatever; but he 
afterwards found that the difference between transparent and 
metallic bodies consisted in this, — ^that the former reflect all 
the light which they polarize in one plane, and refract all the 
light which they polarize in an opposite plane ; while metaUie 
bodies reflect wJiat they polarize in both planes. Before I was 

* See PhiL TVansactions, 1830, p. 301. 
t See Phil. Traruaetwu, 1830, p. 309. 325. 
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acquainted with any of the experiments of Mains, I had found* 
that light was modified h^ the action of metallic bodies ; and 
that, in all the metals which I tried, a great portion of light 
was polarized in the plane of incidence. In February, 181dt 
I discovered the curious properly possessed by silver and gold 
and other metals, of dividing polarized rays into their comple- 
mentary colors by successive reflexions : but I was misled by 
some of the results into the belief, that a reflexion from a 
metallic surface had the same efiect as a certain thickness of 
a crystaUized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
the number of reflexions. M. Biot, in repeating my expen- 
ments, and in an elaborate investigation of the phenomena,! 
was misled by the same causes, and has given a lengthened 
detail of experiments, formulie, and speculations, in which all 
the real phenomena are obscured and confounded. Although 
I had my full share in this rash generalization, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject with the most anxious 
desire of surmounting its difficulties. In this attempt I have 
succeeded ; and I have been enabled to refer all the phenomena 
of the action of metals to a new species of polarization, which 
I have called elliptical polarization, and which unites the two 
classes of phenomena which constitute circular and rectilineal 
polarization. 

(131.) In the action of metals upon common light, it is easy 
to recognize the &ct announced by Mai us, that the light 
which Uiey reflect is polarized in different planes. I have 
found that the pencil polarized in the plane of reflexion is 
always more intense than that polarized m the perpendicular 
plane. The difference between these pencils is least in silver^ 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The following 
table shows the effect which takes place with other metals:— 

Order in tohich the Metals polarize most lAght in the Plane of 

Reflexion, 

Galena. Steel. Copper. Fine gold. 

Lead. Zinc. Tin plate. Common silver. 

Grey cobalt. Speculum metaL Brass. Pure silver. 

Arsenical cobalt. Platinum. Grain tin. Total reflexion 

Iron pyrites. Bismuth. Jewellers* gold. firom glass. 

Antimony. Mercury. 



* Treatise on JVev PkilM. InstrumenU. p. 347. and Preface. 
t TraiU U Physique, torn. iv. p. 579. 600. 
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By ihcreasmg the number of reflexions, tiie whole of the 
incident light may be polarized in the plane of reflexion. 
Eight reflexions from plates of steel, between 60° and 80°, 
itoEinze the whole light of a wax candle ten feet distant. An 
increased number of reflexions [abdve 86] is necessary to dc 
this with pure silver; and in total refliexiona from glass, 
where the circular polarization begins, and where the two 
pencils are equal, the efl^ect cannot be produced by any number 
of reflexions. 

In order to examine the action of metals upon polarized 
light, we must provide a pair of plates of eaph metal, flaOy 
ground and highly polished, and each at least 14- inch longf 
and half an inch broad. These parallel plates sfiould be fixed 
Upon a goniometer, or other divided instrument, so that ond 
br the plates can be made to approach to or recede from the 
6ther, and so that their surges can receive the polarized ray 
at different angles of incidence. In place of giving the plates 
k motion of rotation round the polarized ray, I have found it 
better to give the plane of polarization of the ray a motion 
round the plates, so that the planes of reflexion and of polari- 
sation may be set at any required angle. The ray reflected 
from the plates one or more times is then anal'yzed, either by 
a plate of glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either par* 
allel or perpendicular to the plane of primitive polarization, 
the reflected light will receive Uo peculiar modification, ex- 
cepting what arises from their property of polarizing a portion 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is so beautiful and striking, 
as to arrest our immediate attention. When the plates are 
9Uver or gold, the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 90°. All the other metals in the table, 
p. 191, give analogous colors ; but they are most brilliant in 
silver, and diminish in brilliancy from silver to galena. 

In ordet to investigate the cause of these phenomena, let 
us suppose iteel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
incidence of 75° the light has suSered some physical change, 
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which is a maximnm at that angle. It is not polarized light, 
because it does not vanish during the revolution of the ana- 
lyzing plate. It is neither parti^ly polarized light nor com- 
mon Ught ; hecause, when we reflect it a secona time at 75°, 
it is restored to li^ht polarized in one plane. If we transmit 
the light reflected from steel at 75° along the axis of Iceland 
spar, tiie system of rings shown in^^. 98. is changed into the 
i^i^tem shown in Jig. 114, as if a thin film of a crystallized 
Fig. 114. body which polarizes the blue of the 

first order had crossed the system. If 
we substitute for the calcareous spar 
films of sulphate of lime which give 
difierent tints, we shall find that these 
tints are increased in value by a quan- 
tity nearly equal to a quarter of a tint, 
according as the metallic action coin- 
cides wiui or opposes that of the crys- 
tal. It was on the authority of this 
experiment that I was 1^ to believe 
that metals acted like crystallized plates. And if/hen. I found 
that the colors were better devdk^ped and more pure after 
successive reflexions, I rashly concluded, as M. Biot also did 
after me, that each successive reflexion corresponded to an 
additional thickness of the film. In order to prove the error 
of this opinion, let us transmit the light refiected 2, 4, ^ 8 
times from steel at 75° along the a^is of Iceland spar, and we 
shall find that the system of rings is perfect, and that the 
whole of the light is polarized in one plane ; a result absolutely 
incompatible with the supposition of the tints rising with the 
liumber df reflexions. At 1, 9, 5^ X 9, 11 reflexions, the lighk 
when transmitted along the axis of Iceland spar will produce 
ah efl^ct equal to heu-ly a quarter of a tint, beyond which it 
tiever rised. 

I now concmved that light reflected 1, 3, 5, 7, 9 times from 
steel at 75° resembled circularly polarized light In circularly 
polarized light produced by tioo total reflexions fi!t>m glass, Uie 
ray on^natiy ptdiarized + 45° to the plane of reflexion is, by 
the two refle^dons at the same angle, restored to light polarized 
— 45° to the plane of reflexion ; whereas in steely a ray pAar- 
ized -f 45°, and reflected onee from steel at 75°, is restcnred by 
inother reflexion at 75° to light polarized — 17°. 

With difierent metals the same efiect is produced, but the 
tncUnaticHi c^ the plane of polarization of the restored lay is 
difltereiit, as the Mlowhig table shows:-- 

R 
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PAKT XX. 



Total BcflcxioM. 


iMltaaarai 
atnmsatA 

KMT- 


Total EdIaxiOM. 


•rraatoRd 


From fflasB - • • 
Pure suver • - • 
Common silver - • 
Fine gold - - - • 
JeweQers' gold - • 
Grain tin . - • . 
Brass - - - - . 
Tin Plate - - - - 




450 0' 

3948 
36 
35 
33 
33 
32 
31 
29 
26 
22 


Bismuth - . - . 
Speculum metal 
Zmc - - - - - 

Steel 

Iron pyrites ... 
Antinimy ... 
Arsenical cobalt 

Cobalt 

Lead 

Galena .... 
Specular inm, • • 


210 c 

21 
1910 
17 
14 
16 15 
13 
12 30 
11 
2 



v^oppcr • • • • 
Mercury - - - . 
Platinum - - - • 



In total reflexions, or in circular polarization, the circularly 
polarized ray is restored to a single plane by the same number 
of reflexions and at the game angle at which it received cir- 
cular polarization, whatever be the inclination of the plane of 
the second pair of reflexions to the plane of the first pair ; but 
in metallic polarization, the angle at which the scMxind re- 
flexion restores the ray to a single plane of polarization varies 
with the inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions^ 
this angle varies ati the radii of a circle ; that is, it is always 
the same. In the case of metallic polarization, it varies as 
the radii of'^a.n ellipse. Thus, when the plane of the polarized 
ray is inclined 45^ to the plane of primitive polarization, the 
ray reflected once at 75^ will be restored to polarized light at 
an incidence of lf>^ ; but when the two planes are parafiel to 
one another, the restoration takes place at 80^ ; and when they 
are perpendicular, at 70° ; and at intermediate angles, at in* 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarization. 

We have already seen that light polarized + 45° is ellipti- 
cally polarized by 1, 3, 5, 7 reflexions from steel at 75% and 
restored to a single plane of polarization by 2, 4, 6, 8 reflexioios 
at the same angle ; and we have stated that the ray restored 
by two reflexions has its plane of polarization brought into 
the state of — 17°. The following are the inclinations of this 
plane to the plane of reflexion, by diflerent numbens of 
£exk>ns flxim steel and silver : — 



No. 

of Re- 

flexions. 


Inclination of tbe Plane 
of the polarized Ray. 


No. 
of Re- 
flexions. 


Inclination of tlie Plane 1 
of the polarized Rav. 1 


Suel. 


Silver. 


Steel. 


Silver. 


2 

4 
6 

8 


— 17°0' 
+ 622 
— 138 
+ 030 


—38° 15' 
+ 31 52 
—26 6 
+ 21 7 


10 

12 
18 
36 


+ 1 + 1 

oooe 


OO09C0 


— 16° 56' 
+ 13 80 

— 6 42 
+ 47 
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These results explain in the clearest manner why common 
light is polarized by steel after eight reflexions, and by silver 
not till after thirty-six reflexions. Common light consists of 
two pencils, one polarized -{- 45^ and the other — 45°; and 
steel brings these planes of polarization into the plane of re- 
flexion al£r eight reflexions, while silver requires more than 
thirty-six reflexions to do this. 

(132.) The anj?les at which elliptical polarization is pro- 
duced by one reflexion may be considered as the maximum 
polarizing angles of the metal, and their tangents may bo 
considered as the indices of refraction of the dirorent metaJs^ 
as shown in the following table : — 



flflfaUL 



Grain tin - 
Mercuiy - 
Galena 
Iran pyrites 
Grey cobalt 
Speculum metal 
Antimony melted 
Steel - - . - 
Bismuth • • - 
Pure silver - - 
Zinc .... 
Tin plate hammered 
Jewellers' gold - ■ 



Aasle of Maxlnoa 
PQluiiattoa. 



780 30 

78 27 

78 10 

77 30 

76 56 

76 

75 25 

75 

74 50 

73 

72 30 

70 50 

70 45 



Index or 
■•rraetlM. 



Tol?" 
4-893 
4-773 
4-511 
4-309 
4011 
3-844 
3-732 
3-689 
3-271 
3-172 
2-879 
2-864 



Blliptical polarization may be produced by a sufficient num- 
ber of reflexions at any given an^le, either above or below 
the maximum polarizing angle, as &own in the following taUa 
for Steei: - 



Humbcr o( BdtoxloM at 
whidi ratpUcM Poteite. 
tloa It imdorad. 


Hamber of Bea«zloM at 
which th« PtBdl !■ n- 
■torcd to a a^Dfl* Pliaa. 


ttlmMntcm. 


3 9 15 ^jc. 
2} 7| 12} &C. 
2 6 10 && 

1 3 5 &c 

iHi U^^- 

2 6 10 Ac. 
2} 7} 12} &C. 

3 9 15 Ac. 


6 12 18 &C. 
5 10 15 /trr. 
4 8 12 /irp. 
3 6 9&C. 

2 4 6&C. 

3 6 9<^i^. 

4 8 12 &c. 

5 10 15 &c 

6 12 18 &c 


86O0' 

84 
82 20 
79 
75 
67 40 
60 20 
56 25 
52 20 



When the number of reflexions is an integer, it is easily 
understood how an elliptically polarized ray begins to retrace 
Its course, and to recover its state of polarization in a single 

glane, by the same number of reflexions by which it lost it ; 
at it is interesting to observe, when the number of reflexiona 
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fi I^ Sli or anv olher mixed number, that the raj must have 
required its elilptdcil polarization in the inidSS^ cf the sectmd 
md third reflexion ; that is, when it had reached its greatest 
dspth within the metallic tuirUice it then begins lb resume ita 
Mate of polarization in a smgle plane, and recovers it at tile 
eiw of 3, 5, and 7, reflexiona A very remarkable effect takes 
place when one refleition is a»4e on one side of the majri- 
miim polarizing angle, and one oh the other side. A ray that 
W received partial elliptical polarization by one reflexion at 
86° does not acquire more elliptic pol&rization by a reflexion 
-tit 84°, but it retraces its course and recovers its state of singlo 
pdarizatioo. 

By a method which it would be out of place to explain 
here, 1 have determined the number of points of restoratkm 
which can occur at different angles of incidence from 0° to 
00°, for any number of reSexions; and 1 have represented 
them in J^. 115., where the arches I, I., II, n., &c. represent 
the quadrant of incidence, Sx one, two, &e. reflexions; C 



heinar thp point of 0=, and H that of 90= of incidence. In tba 
quadrant, I, L there is no point of reslofalioo- In II, IL there 
u only one point or node of restoration, vit at 78= in sUver. 
In m, IH. there are two poinla of restoration, becaune a ray 
elliptically polarized by one and a helf refleiion' will be re- 
stored by tVee reflexions at (!3° 43' beneath the maximum 
polanzmg angle, and at 79° 40' above that angie. It may also 
be shown that lor IV, reflexions there are 3 poihts of restora- 
tion, for V. reflexions 4 points; and for YI. reflexions 5 pointa, 
as shown in the figure. The loops or double curves are drawn 
to represent the intensity of the elliptic polarization which 
has its minimum at 1, 2, 3, &.C., and its maximum in the middle 
1^ the undiaded parts. If we now use homogeneous light, 
*e shall find that the loops have different sizes m the different 
Colored rays, and that their minima ano maxima are difierent; 
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Hence, in the Yltli quadrant, CBfbf example, there will be 
6 loops of all the different colors, viz. C 1 ; 1, 2; 2, 3; S, 4^ 
&C. ; overlapping one another, and piodacing by their miztare 
those beautijful complementary colors which have already been 
mentioned. For a more full account of this curious branch 
of the subject of polarization, I must refer the reader to the 
PhUofophieal JVaruactUms^ 1830; or to the Edinbw^h 
Journal of Science^ Nos. VIL and VIIL new scries, April, 183L 



CHAP. xxvm. 

ON THS FOLABIZniQ 8TBUCTURB 7R0DVGED BT HBAT» OOLD» 

COMPRESSION, DII.A.TATION, AND INDVSATION. ■ 

The various phenomena of double refraction, and the lyf- 
terns of polarized rings with one and two axes of double re- 
fraction, and with planes of no double re&action, may be pro* 
duced either transiently or permanently^ in glass and other 
substances, by heat and oold^ rapid coolings compression and 
dilatation, and induration, 

1. Transient Influence of Heat and Cold. 

(1.) Cylinders of glass with one positive axis of douhle 

refraction. 

- (133.) If we take a cylinder of glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed to polarized light, in 
the apparatus, fig. 94., a system of rings with a black cross, 
exactly similar to those in Jis^ 98. ; and the complementary 
system shown in fg. 99. will appear by turning round the 
piate B 90°. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of the surface of the glass cylinder, we shall hide 
a corresponding portion of the rings, so that the cylinder has 
its single axis of double refraction fixed in the axis of its 
figure, and not in every possible dbrection parallel to that axis 
as in crystals 

By crossing the rings with a plate of sulphate of lime, ai 
^merly explained, we shall find that it depresses the tints in . 
the two quadrants which the axis of the liUite erossef^ and 
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eonaeqaontly tbtt the system of rings is negativej like that of 
calcareous spax. 

As soon 88 the heat reaches \ho axis of the cylinder, the 
rings begin to lose their brightness, and when the hcaat is 
imwinnly diffused thnnigh the glaae^ they disappear entirely. 

(2.) Cylinders of glass with a negative axis of double 

rejraetion. 

(134.) If a similar cylinder of glass is heated un^rmly in 
boiling oil, or otherwise brought to a considerably high tem- 
perature, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will ejchibit a similar 
system of rings, which will all vanish when the glass is uni- 
formly oold. B)r crossing these rings with sulplmte of lime; 
they will be-feimd to be posithe, like tiiose of ice and zircon; 
or the same thing may be proved by combining this system of 
rings with the preceding system, when they will be found to 
destroy one another. 

' In both these systems of rings, the numerical value of the 
tint or color at any oiie point varies as the square of the dis- 
tance of that point from the axis. By placing thin films of 
sulphate of lime between two of these systems of rings, l^ery 
beautiful systems may be produced. 

(3.) Oval flates of glass loith two axes of double refraction, 

(135.) If we take an oval plate A B D C, fg^. lia, and 
j~ jj^j^ perform with it thie two precemng experi- 
- ments, we shall find that it has in both cades 

ttoo axes of douUe refraction, the principal 
axis passing 'through O, being negatwe when 
it is heated at its circumference, and positive 
*when cooled at its circumference. The curves 
A B, C D, correspond to the Mack ones in 
w J^' 101-* &nd the distance m n to the inclina- 

tion of the resultant axes. The efiect shown in Jig» 116. is 
that which is produced by inclining m n 4SP to the plane of 
l^imitive polari^tion ; but when m n is in the plane of prim- 
itive polaritetion, or perpendicular to it, the curves A B^ C D, 
will fbrm a black ch)6s, as injS^. 100. 

In all the preceding experiments, the heat and cold might 
have been introduced and conveyed through the glass fitm 
each extremity of the axis of the cylinder or plate. In this 
tiikiie the phenonftena would have been exactly the same, but 
the 9iX6k that were feilmerly negative will tutnw h&^poHtive^' 
%hA vioe versi. *•.■.'■•' 
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(4.) Cubes of glass wilh double refraction, 

(186.) When the shape of the glass is that of a cube, the 
rings have the form shown injfi^. 117. and when it is a paral* 
lelopiped with its length about three times its breadth, the 

Fif. 117. fig. lis: 





lings have the form shown in^. 118. the curves of equal tint 
near the angles being circles, as shown in both the figuresL 

(5.) Rectangvlar plates of glass with planes of no doubU 

refraction, 

(137.) Ifa well annealed rectangular plate of glass, EFDQ, 
is placed with its lower edge C D on a piece of iron A Q D G 
%. 119., nearly red hot, ami the two together are placed in tha 




apparatus, fig. 94., so that C D may be inclined 45^ to the 
l£uie of primittve polarization, and that polarized light may 
reach the ^e at O from every part of the glass, we Shall c^ 
serve the following phenomena. The instant that the heat 
enters tiie surface C D,. fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
has reached the upper sur&ce £ F, or even the central line 
a 6, simil&r fringes will appear at E F. Co1(H9 at first faint 
ftZne, and then white^ yellow^ orange^ 4lc, all spring up at 
ab; and theae central oc^rs will be divided from tiiose at the 
edges by two dark lines, M N, O P, in which there is nefther 
double refraction nor polarization. These lines correspond 
with the black curves infig» lOL and>^. 116., and the struo 
tore between M N and O P is negative^ like that of cal- 
careous spar ; while the structures without M N and O P are 
positive^ lilDe thoee of aicon. The tints thus developed are 
those of Newton's scale, and are compounded of the aifferent 
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Beta of tints that would be given in each of the homogeaeoaa 
ntya of the epectrum. 

In these ptatea there ta obvioualy an infinite number of axes 
in tlte planea paeaing' through U N, O P. and all the tints, aa 
wdi aa the double retraction, can be calculated by the vety 
aame laws as in regular crratals, mulatis mulandis. 

If the plate E F D C ia heated equally all round, the fringes 
are produced with more regularity aiMl<]uicfcneBs; and if the 
plate, first heated in oil or otherwise, la cooled equally all 
round, it will develope the same fringes, but the central onea 
at o fi wil! in this laet case be pontine, and the outer ones at 
E F and C D ttegative. 

Similar efiecta to thoae above deacribed may be produced in 
(dmilar plates of rock nit, obsidian, fluor apar, copaJ, and other 
solids that have not the doubly refracting structute. 

A eerieaofsplendid phenomena are produced by croGsing simi- 
lar or dissimilar plates of gtats when thcii fringes are developed. 
When timilar plates of gifias, or those in which the fringes ara 
produced by heat, as in^. 119., are crossed, the curves or lines 
of equal tint at the aquare of intersection, A B C D, ^g. 120., 
j^ 1^ will be hyoerbolae. The tint at the 

centre will be the difierence of tb« 
central tintaof each of the two plates, 
and the tints of the succeeding hy' 
perbolas will rise gradually in tho 
I scale above that central tint If the 
tints produced by each plate are 
precisely the same, and the plates of 
the same shape, the central tints will 
destroy each other, the hyperbotaa 
will be equilateral ones, and the tints 
will gradLially rise from the eero of 
Newton's ecale. 
When diasitnilar plates are crossed, as in ^g. 131., viz. one 
in which the frinifes are produced by heat with one in which 
Aey are prodoced by cdd, the lines of equal tint in the square 
ofittteraection ABCDO^.lSl.J.willbeelltpKi. The tints 
in the centre will be equal to the sum of the separate tints, 
and the tints formed by the combination of the externa! fringea 
will be equal to their diflerence. If the plates and their tints 
are perfectly equal, the linesof equal tint will be circfes. The 
beauty of these combinationa can be understood only IVom col- 
ored drawings. When the plates are combined lengthwise, 
Ihcy add to or subtract from each other'a effict, accivding as 
■inular or diasimilar fringes are of^wsed to me onoUier. 
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Fig. ISl. 



(138.) If v/e plftce asphere of glass in a glaaa trough of hot 
oil, aid oteerve the ajetem of rinss, while toe heat is poastog 
to the centre o! the spbere, we mail find it to be a refulu 
nitem, exactly like that in _fif. 99. ; and it will sufier no 
(jbanga by turning the sphere in any directiw. Hence the 
nhera bas an inSnite number of poMitise axes of double re> 
BBctioa, or one along each of its dumeterB. 

If B very hot sphere of glass is placed in a glass tmogh of 
•old oil, a Mmilar eytfeip will be produced, but the tsaa will 
•11 be ntgaiitie. 

^.) Spheroids of gbut wilh one axit of doaiU refr<Ktio» 
aUmg the orii of retMdution and two axet along the etpu^ 
toriu diameteri. 

. (139.) If we place an oblate spheroid in a glass trongb of 
hot oil| we shall find that it has one axis of potUive doublri 
refraction alon? its shorter axis, or that of revolution ; but if 
wa transmit the polarized light along any of its equaloiigJ 
diameters, we ^11 find that it has two axes of double refrac- 
tion, the black cnrVes emiearbg as in Jig. 116. when the axia 
gf revolubon is inclined 45° to the plana of primitive polari- 
' ' ■ ■ . -- .L jg pttiBllcl or 



lation, Bjul changing into a cross when the a: 
JKrpendicular to the plane of primitive polarizatiim. 

The very same phenomena will be exhibited with a prolate 
mheroid, only the black cross opens in a different plane when 
tne two aaea are developed. 

Opposite systems of nng« will be developed to boQi theee 
eaae^ if bot spheroids are plunged in cold oH. 
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The reucm of asing oil is to enable the polarized lig^ht to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to that 
of the glass. 

A number of very curious phenomena arise from heatin|^ 
and cooling glass tubes, or cylinders, along their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the Circumference, or to the axis, or to 
both. 

(8.) Influence of heat on regular cry$tals. 

(140.) The influence of uniform heat and cold on reralar 
crystals is very remarkable. M. Fresnel fi)und that heat duates 
sulphate of lime less in the direction of its principal axis 
than in a direction perpendicular to it ; and professor Mitscher- 
lich has found that Iceland spar is dilated by heat in the di- 
rection of its axis of double refraction, while in all directions 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which tjiere is neither contrao- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to gtUphate of lime, professor Mitscherlicb 
found that £e two resultant axes (P, P, fi^. 106.) gradually 
approach as the heat increases, till they unite at O, and form 
a single axis. By a still fiirther increase of heat they open 
out on each side towards A and R A very curious fact of an 
analogous kind I have found in glauberitey which has €me axis 
of double refraction for violet, and two axes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, fig. 10ft) unite at O, and, by a sli^t increase of 
heat, the resultant axes again open out, one m the direction 
O A, and the other in the direction OR By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A R ' 

% On the permanent Injluence qf sudden CooUng. 

(141.) In March, 1814, 1 found that glass melted and sud* 
denly cooled, such as prince Rupert's drops, possessed a per- 
manent doubly refracting structure ;* and in December, 1814, 
Dr. Seebeck published an account of analogous experiments 
with cubes or glass. Cylinders, plates, cubes, spheres, and 
spheroids of gl^, with a permanent doubly refracting struo- 

* Letur to Sir Joflepb Banks, April 8. 1814. Phil Trans, 1814. 
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tare, may be fermed by bringing^ the glass to a red heat, and 
cooling it rapidly at its circun^rence, or at its edgea As 
these solid bodies often lose their diape in the process, the 
symmetry of their structure is afiected, and the system of 
rings or fringes injured ; so that the phenomena are not pro- 
duced so perfectly as during the transient influence of heat 
and cold. It is often necessary, too, to grind and polish the 
surfaces afresh: an operation during which the solids are 
often broken, in consequence of the state of constraint in 
which the particles are held. 

An endless variety of the most beautiful q>tical figures 
Doay be produced by cooling the glass upon metallic patterns 
(metals being the best conductors) applied symmetrically to 
each surface of the glass, or symmetrically round its circum* 
ference. The heat may be thus drawn off fh>m the glass in 
lines of any form or direction, so as to give any varietv what- 
ever to its structure, and, consequentlv, to the optical figure 
which it produces when exposed to polarized light 

(142.) In all doubly refracting crystals the form of the 
rings is independent of the external shape of the crystal ; 
but in glass solids that have received the doubly refracting 
structure, either transiently or permanently, from heat, the 
rings depend entirely on the external shape of the solid. !( 
in fiff. 119., we divide the rectangular plate E F D C into two 
eqvm parts through the line a 6, each half of the plate will 
have the same structure as the whole, viz. a negative and two 
positive structures, separated by two dark neutral linea In 
like manner, if we cut a piece of a tube of glass, by a notch, 
through its circumference to its centre, or if we alter the 
shape of cylindrical plates and spheres, &c., by grinding them 
into di^Terent external figures, \<ie produce a complete change 
upon the optical figures which they had previously exhibited: 

S. On the Influence of Compression and Dttatation, 

(143.) If we could compress and dilate the various solids 
above mentioned with the same imifbrmity with which we can 
heat and cool them, w^ should produce the same doubly re» 
fracting structures which have been described, compression 
and dilatation always producing opposite stractarea 
- The influence of compression and dilatation may be well 
exhibited by taking a strip of glass, A B D C, Jig, 122., and 
bending it by the force of the huida When it is held in the 
apparatus,^. 94., with its edge A B inclined 45^ to the plane 
of primitive polarisation, the whole thickness of the glass will 
be covered with colored frmges, consisting of a nej^ve set 
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flUpftr^Jted fhm a pomtive set by the dark neotral line M N. 
The fnages oa the oonvev side AB are negative^ aod those 

J^/. 122. 




QQ the concave side posittve. As the bending force Increases, 
the tints increase in nuniber ; and as it diniinishes, they di- 
minish in number, disappearing entirely when the plate of 
glass recovers its shape. The tints, which are those of New- 
ton*s scale, vary, with their distances from MN; and when 
two such plates as that shown in fig, 122. cross each other, 
they produce in the square of intersection rectilineal fringes 
parallel to the diagonal of the square which joins the angles 
where the two concave and the two convex sides of the plates 
meet 

When a plate of bent glass is made to cross a plate crys- 
tallized by heat, and suddenly cooled, the fringes in the square 
of intersection are parabolas, whose vertex will be towards 
&e convex side of the bent plate, if the principal axis of the 
other plate is positive^ but towards the concave side, if that 
axis is negative, 
. The e^cts of compression and dilatation may be mostdis* 
tinctly seen bv pressm^ or dilating plates or cylinders of 
calves'-feet jelly or soft isinglass. 

By the apphcation of compressing and dilating forces, I 
have been able to alter the doubly refracting structure o^ 
regularly crystallized bodies in every direction, increasing or 
diminishing their tints according to the direction in which the 
forces were applied.* 

The most remarkable influence of pressure, however, is 
that which it produces on a mixture of resin and white wax. 
]b all the cases hitherto mentioned of the artificial production 
of dooble re&action, the phenomena are related to the shape 
qf the man in whi<^ the change is induced : but I haLYja been 
able to communicate to the compound above mentioned a 
double refraction, similar to that which exists in the particles 
of crystals. The compressed mass has a single axis of double 
vefraction in every pvallel direction, and me colored rings 
are produoad by the inclination of the lefiracted ray to the 

4ids according to the same law as in regular crystals. If we 

^ — - — I — I I 

• 806 Edlnkuri^k TVansaeHons, vol. viiL p. S81. 
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remove the compressed film, any portion of it will be fimnd to 
have one axis of double refinietion like portions of a film of 
any crystal with one axi& The important deductions which 
this experiment authorizes will be noticed at the condusion 
of this part of the work. 

4. On the Influence of Induration, 

(144.) In 1814 I had occasion to make some experiments on 
the influence of induration in communicating' double retraction 
to soft solids. When isinglass is dried in a glass trough of a 
circular form, it exhibits a system of tints wi3i the black 'Croai 
exactly like negative ciystals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings witii one positive axis. If the 
trough in the first of these experiments and the plate in the 
second are oval, two axes or double refraction will be ex- 
hibited. 

When jelly placed in rectangular troughs of glass is grad- 
ually indurated, we have a positive and a negative structure 
developed, and these are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
induration to go on at two parallel surfaces, the same fringes 
are produced as in a rectangular plate of glass heated in oil, 
and subsequently cooled. 

Spheres and spheroids of jelly may be made by proper in- 
duration to produce the same eJrocts as spheres imd spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structures. 
In some instances we have two structures of the same name 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it is 
spherical or spheroidal, and superinduce the structure arising 
from induration. I have now before me a spheroidal lens of 
the honeto fish, with one beautiful system of rings along the 
axis of the spheroid, and two s]^stems along the equatorial 
diameters. I have also several indurated lenses of the cod, 
that display in the finest manner their doubly refracting 
structure. 

S 
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CHAP. xxrx. 

PHENOIIENA OF COMPOSITE OR TES8ELATED CRTSTAI^B. 

(145.) In all regularly formed doubly refracting crystals, the 
separation of the two images, the size of the rings, ,and the 
value of the tints, are exactly the same in all parallel direc- 
tions. If two crystals, however, have grown together with 
their axes inclined to one another, and if we cut a plate out 
of these united crystals so that the eye cannot distinguish it 
from a plate cut out of a single crystal, the exposure of such a 
crystal to polarized li^ht will instantly detect its composite 
nature, and will exhibit to the eye the very line of junction. 
This will be obvious upon considering that the polarized ray 
has difierent inclinations to the axis of each crystal, and will 
therefore produce difierent tints at these difierent inclinations. 
Hence the examination of a body in polarized light furnishes 
us with a new method of discovering structures which can- 
not be detected by the microscope^ or any other method of 
observation. 

A very fine example of this is exhibited in the hipyramidal 
sulphate of potash, which Count Bournon and other crystal- 
lographers regarded as one simple crystal, whose primitive 
form was the hipyramidal dodecahedron, like the crystal shown 
in^^. 112. But by cutting a plate perpendicular to the axis 
of the pyramid, and exposing it to polarized light, I found it 
to b^ composed of several crystals, all united so as to form the 
regular figure above represented. The crystal has two axes 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60° to the plane passing Uirough the 
two axes of each of the other two. So that when we incline 
the plate, each of the three combined crystals displays diflereot 
colors. I have found many remarkable structures of this kind 
in the mineral kingdom, and among artificial salts ; but two 
of these are so interesting as to merit particular notice. 

(146.) The apophyllite from Faroe generally crystallizes in 
right-angled square prisms, and splits with great facility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knife the uppermost slice, or the im- 
dermost, it will be found to have one axis of double refraction, 
and to give the single system of rings shown in Jig-. 98. If 
-ve remove other slices in the same manner, we shall find 
taat when exposed to polarized light they exhibit the curious 
tesselated structure shown in Jig. 1^. Tho outer case, 
M O N P, consists of a number of parallel veins or platen. In 




CRAP. XXIX. COKfOSITB OB TESSKLATBD mvSTALS. 307 
is a small lozenge, abed, with one axis of doabla 
refraction, and round it are Ibnr 
ciratala. A, B, C, D, with two axes 
of double refraction, the plane pass- 
ing' Ibrough the exes of A and D 
beiD^ perpendicular to the plane 
passing through the sxea of o and 
C; aiM the fbnoer plane being in 
the direction M N, and the latter in 
the direction O P. 

When the polarized Jigbt istranB- 
mitted through the faces of certain 
prisms, the beautiful tesselated figure shown in _fig. 124 ia ex- 
nibited, all the differently shaded parts shining with the meet 
Fig. 124. splendid colors. As the prism has every- 
where the same thickneaa, it is obvious that 

" ting " 
parts of the crystal ; 

place in such a. symmetrical manner in rela- 
tion to the sides and ends of the prion, as to 
set at defiance all the pff. la. 

realized taws of j^ 
crystal lography. 

With the view of 
observing the form of 
the lines of equal co- 
lor, I immersed the 
crystal in oil, and 
transmitted the polar- 
ized light in a direc- 
tion parallel to a di- 
agonal of the prism; 
the effect then exhib- 
ited ia shown in Jig. 
125., where A BCD 
is the crystal; A C, 
' and B D, its edges, 
where the thickness is nothing, and 
mn the edge through which the di- 
agonal of llie prism passes. Now, it 
ia obvious, that if this had been a, regu- 
lar crystal, the lines of equal lint or of 
equal double refraction would have 

beSo all straight lines pandtel to AC ( ' 

or B D; hut in the apophyUite they present the most singular 
irregularitieB, all of which are, however, symmetrically re- 
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laUd to certain fixed poiots withm the crystal. In the midiila 

of the crystal, half way between m and 71, there are only^r* 
fringcB or orders of colors; at points equi-distaDt from thia 
there are six fringes, the sixth returning into itself in the 
fcmi of an owil. At other two equidistant points near m and . 
n, the 3d, 4tii, and 5lh fringes are singularly serrated, and the 
6lb and 7lh fringes return into Ibemsclves in the form of a 
«^iire ; beyond this, near m and n, there are only four fringes, 
in consequence of the fiflh returning into itselfl 

(147.) A composite structure of a very difierent kind, but 
extremely interesting from the effects which it produces, » 
exhibited in many crvslals of Iceland spar, which are inter- 
sected by oarallel Gliua or veins of various thicknesses, as 
shown in _fig. 126. These thin veins or tlnita are perpeDdio- 
j^. ,j5. ular to the short diagonals E F, G H of the 

faces of the rhomb, and parallel to the edgn 
E G, F H. When we look perpendicolarly 
F through the faces AEBF, DGCH, tlio 
light will not pass through any of the plan«a 
ebcg, ABC D, afkd, and consequently 
we shall only see two images of any object 
IT juat as if the planes were not there. But if 
we look through any of the other two pair 
— of parallel faces, we shall observe the two 

common iaMges at their usual distance ; end at a much greater 
dl<!tance, two seconda^ images, one on each side of the com- 
mon images. In some coses there are four, and in other cases 
fix, secondary images, arranged in two lines ; one Jine being 
on each side of the common miagee, aud perpendicular to the 
line joining their centres. When the interrupting planes ara 
numerous, and especially when they are also fbund pen>eit- 
dicular to the short diagonals of the other two bees of^the 
rhomb that meet at B, the obtuse summit, the secondary 
images are extremely numerous, and sometimes arranged in 
pyrsmidal heaps of singular beauty, vanishing, and reappear- 
ing, and changing their color and the intensity of their light, 
by every inclination of the plate. If the light of the luminous 
object is polarized, the phenomena admit of still greater va- 
ri^ions. When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of re- 
fracted light, 

Malus considered these phenomena as produced by fissures 
or cracks within the crystal, and he regarded the colors is 
those of Ihin pktes of air or space ; but I have found that th^y 
are produced by veins or twin crystals firmly united together 
■0 as tn resist separation more powerfully than the uatund 
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cleavage planes, and T have found this both crjrstallographically, 
by measuring the angles of tlie veins, and optically, by. ob- 
serving the system of rings seen through the veins alone. 

This composite stracture will be understood from Jig. 127., 
where A B D C is the principal section of a rhomb of Iceland 

Fig. 127. 




spar whose axis is A D. The form and position of one of the 
intersecting veins or rhomboidaJ plates, is shown at M fn N n, 
but greatly thicker than it actually is; the angles Am M, and 
D n N, being 141° 44'. A ray of common light R 6, incident 
on the face A C at 6, will be refracted in the lines be, beL 
These rays entering the vein M m N n, at c and rf, will be 
again refracted doubly ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c e, df, 
these colors will depend on the thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from the vein at e,f, and 
will be refracted again as in the figure into the pencils e m^ 
^''^ifo^fp', the colors of en,fo, being complementary to 
those of e 711, f p. That the multiplication and color of the 
images are owing to the causes now explained may be proved 
ocularly, as I have done, by dividing rhombs of calcareous 
spar, and inserting between them, or in grooves cut in a single 
plate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced in the artificial one,, and we may 
give great variety to the phenomena by inserting thin films in 
difiTerent azimuths round the polarized pencils b c, bd, and at 
different inclinations to the axis of double refraction. 

The compound crystal shown in Jig. 127. is in reality a 
natural polarizing apparatus. The part of the rhomb AmNC, * 
polarizes the incident light R b. The vein M N is the thin 
crystallized vein whose colors are to be examined ; and the 
part BM n D, is the analyzing rhomb. 

Various other minerals and artificial crystals are intersected 

S2 
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with analogous veins, and produce analogous phenomena. 
There are several composite crystals which exhibit remarkable 
peculiarities of structure, and display curious optical phe- 
nomena by polarized liffht. The JBrazilian topaz is one of 
those which is worthy of notice, and whose properties I have 
explained by colored drawings, in the second volume of the 
Cambridge Transactions, 

For a mil account of the properties of composite crystals^ 
and of the multiplication of images by the crystals of cal- 
eareous spar that are intersected by veins, we refer the reader 
to the Edinburgh Transactions, vol. ix. p. 317., and the Phil. 
Trans,, 1815, p. 270, ; or to the Edinburgh Encyclopedia^ 
art Oftios. 



CHAP. XXX 

OH THE DICUBOISM, OB DOUBLE COLOR, OF BODIES; AlU^ 
THE ABSORPTION OF POLARIZED UGHT. 

(148.) If a crystallized body has a different color in difierent 
directions when common light is transmitted through its 
Bul^tance, it is said to possess dichroism, which signifies two 
colors. Dr. Wollaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a deep 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Haiiy gave the name of 
dichroite. Mr. Herschel has observed a similar fact in a 
variety of svJb-oxysidphate of iron, which is of a deep blood 
red color along the axis, and of a li^ht green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on the absorption of light, beinfi 
regulated by the inclination of the incident ray to the axis o? 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. 

In a rhomb of yeUow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinary image was 
yellowish white along the axis. The color and intensity of 
the two pencils were the same, and the difierence of color and 
intensity increased with the inclination to the axi& When 
the two images overlapped each other, their combined color 
was the same at all an^es with the axis, and this color was 
that of the mineral, if we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
ordinary image vanishes, and yellowish white in the poaitioa 
where the extraordinary image vanishes. The crystals in the 
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filllowing Table pisaess the same properties, the ordinary and 
extraordinary images having the colors opposite to their 
names : — 

Color* of the two Images in Crystals toitk one Am. 



Kunw of Cryatali. 



Zircon. 
Sapphire. 
Ruby. 
£lmerald. 
Emerald. 
Beryl, blue. 
Berylt green.' 
Beryl, yellowish 

green. 
Rock crystal, near- > 

ly transparent { 
Rock crystal, yellow. 
Amethyst. 
Amethyst 
Amethyst 
Tourmaline. 
Rubellite. 
Idocrase. 
Mellite. 
Apatite lilac. 
Apatite olive. 
Phosphate of lead 
Iceland spar. 
Ociohedrite. 



PriiKlpal avHiMi ia 
of PotarteatMNb 



j^wnish white. 
Yellowish green. 
Pale yellow. 
Yellowish green. 
Bluish green. 
Bluish white. 
Whitish. 

Pale yeUow. 

Whitish. 

Yellowish white. 
Blue. 

Greyvsh white. 
Reddish yellow. 
Greenish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. 
Bluish green. 
Bright green. 
Orange yellow. 
Whitish brown. 



lo riuw at Man 



Deeper brown. 

mue. 

Bright pink. 

Bluish green. 

Yellowish green. 

Blue. 

Bluish green. 

Pale green. 

Faint brown. 

Yellow. 
Pink. 
Ruby red. 
Bluish green. 
Bluish green. 
Faint rra. 
Green. 
Bluish white. 
Reddish. 
Yellowish ereen. 
Orange yelfow. 
Yellowmh white. 
Yellowish brown. 



■ (149.) When the crystals have two axes of double refrac- 
tion, the absorption of the incident rays produces a- variety of 
phenomena, at and near the two resultant axes. These phe- 
nomena are finely displayed in iolite. This mineral, which 
crystallizes in six and twelve-sided prisms, is of a deep blue 
color when seen along the axis, ana of ti hrowmsh yellow 
when seen in a direction perpendicular to the axis of the 
prism. When we look along the resultant axes which are 
inclined 62° 50' to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; but when it 
is thick, and when the plane passing through the axes is in 
the plaiie of primitive polarization, branches of blue and white 
light are seen to diverge in the form of a cross from the centre 
of the system of rings. This curious effect is shown in fig, 
128., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the phme 
passing through Sie axes. The blue branches, which are 
shaded in the figure, are tipped with purple at their summits 
Pi P', and are separated by whitish light in some specimens, 
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FART IT- 



Ftr- 1»- ■"<* It Wuish light in-others. From P 

and P' to O, the white or yellowish li{rht 
becomes more and more blue, aDd at O 
it is quite blue ; while from P and P' to 
C nnd D it becomes more and more 
a yellow, and at C and D it is quite yel- 
low, the yellow being almoet equall; 
bright in the plane A C B D, perpendic- 
ular to the principal axis O. When fh( 
plane C D is perpendicular to the plane 
of primitive polarization, the poles P, P' are marked vrith 

fitches of white or yellowish light, but everywhere else the 
gilt in a deep blue. 
When otamJned by common light, we find that the ordinary 
imag^e is broumah yetlnw at C and D, and the extraordinary 
one faint blae ; the former acquiring some blue rays, and the 
latter soma yellow ones from C to D, and from A to B where 
there is still a great diSerence in the color of the imag'e& 
The yellow image becomes feinter tVom A to P and P', and 
from B to P and P', where it changes into blve, the feeble 
blue image being gradually reinlbrced by other blue rays till 
the intensity of the two blue images is nearly equal. The 
faint blue image increases in intensity from C (o P, and from 
J) to P', and the yellow one acquires an accession of blue light, 
and becomes bluish white from P and P' to O; the ordinary 
image is whitish, and tlie olher a deep blue ; but the white- 
n^ess gradually diminiehes towards O, where the two images 
are almost equally blue. The following table will show list 
this property exists in many other cryslala: — 

Criori of the two Imaget m Crgvalt ailk two AitS. 



■.— c^,^ 


"" °iji;i^'.;."™ " 


'■'■"rii'JrKffiS'is'"" 


To|»z Wue. 


Whitt. 






While. 




greeniat blue 


Reddish grev. 




pink. 


Pink. 


While. 


Piiik yellow. 


Pinh. 


Yellow. 




Yetlowuh white. 


Orange. 


S^I^hateoftarynL 






Lemon yellow. 


Purple. 


-i_i7elIow. 


I*mon yellow. 


Yollowish white. 


omnge yellow 


Gamboge yellow. 


Yellowish white. 


Cyanite. 


White. 


Blue. 


Mchroiie. 


Blue. 


Yellowith white. 




Yollo«-toh white. 
Brown. 


YellowifdL 
Sop green. 


Pink while. 


Yellowish while. 


Mi«. " ' ^™" 


Reddish hrown. 


Reddbh ndiile. 
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The following table shows the odor of the images in cr7»> 
tals with two axes which liave not been examined. 



«rci7iiiifc 



Mica. 

Acetate ofooj^r. 

Muriate of copper.* 

Olivine. 

Sphene. 

Nitrate of copper. 

Chromate of lead. 

StauroUde. 

Augite. 

Arm^drite. 

Adnite. 

Diallage. 

Sulphur. 

Sulphate of strontia. 

cobalL 

Olivine. 



A^aoT 



Blood red. 
Blue. 

Greenish white. 
Bluish green. 
Yellow. 
Bluish white. 
Orange. 
Brownish red. 
Blood red. 
Bright pink. 
Reddish white. 
Brownish white. 
Yellow. 
Blue. 
Pink. 
Brown. 



AXM oCrriHi 

to rtu* or PolufaltM. 



Flide greenish yeUow. 

Greenish yellow. 

Blue. 

Greenish yellow. 

Bluish. 

Blue. 

Blood red. 

Yellowish whita. 

Bright green. 

Pale yellow. 

Yellowish wUta. 

While. 

Deeper yellow. 

Bluish white. 

Brick red. 

Brownish white. 



In the last nine crystals in the preceding table, the tints ue 
notffiven in relation to any fixed line. 

l%e following list contains the colors of the two pencil^ in 
crystals, whose number of axes is not yet known. 



Phosphate of iron. 

Actynolite. 

Precious opaL 

Serpentine. 

Asbestos. 

Blue carbonate of ) 

copper. ) 

OctoKedrite (one axis.) 
Chloride of gold and j 

sodium. S 

■ and 



ammonium. 



potassium. 



and 



Fine blue.t 

Green. 

Yellow. 

Dork^reen. 

Greemsh. 

Violet blue. 

Whitish brown. 

Lemxi yellow. 

Lemon yellow. 

Lemon yellow. ^ 



il 



Blukh white. 
Greenish white. 
Lighter yellow. 
Lighter green. 
Yellowiui. 

Greenish blue. 

Yellowish brown* 

Deep orange."] || 



Deep orange. 
Deep orange.^ 



\\i 






(150.) By the application of heat to certain crystals, 1 have 
been able to produce a permanent difference in the color of 
the two pencils formed by double refraction. This experiment 
may be made most easily on Brazilian topaz. In' one of these 
topazes, in which one of the pencils was yellow and the other 
pinkf I found that a red heat acted more powerfully u)pon the 
extraordinary than upon the ordinary pencil, discharging the 
yellow color entirely from the one, and producing only a slight 

* TiM eolors are given in relation to the sbort diagonal of its rhoroboldal 

ise. 

t When tbe axis of the prism ii in the plane of polarisation. 
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change upon the pink tint of the Qthqr. When the topaz was 
hot, it was perfectly colorless, and, during the process of cool- 
ing, it gradually acquired a pink tint, which could not be 
modified or renewed by the most intense heat In vaxioos 
topazes, the color of whose two pencils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, and thus gives them the power of absorbing light in 
reference to the axes of double refraction. 

General Observations on Double Refraction, 

(151.) The yarious facts which have been explained in the 
pieceding chapters, enable us to form very plausible opinions 
respecting the origin and nature of the doubly refracting 
structure. The particles of bodies reduced to a state of 
fluidity by heat, and prevented by the same cause from com- 
biaing into a solid body, exhibit no double refraction ; and* in 
like manner, the particles of crystallized bodies, including 
metals when existing in a state of solution, exhibit no double 
refraction. As soon, however, as cooling in the one case, and 
etaporation in the other, permits the particles to combine in 
virtue of their mutual affinities, these particles have, subse- 
quent to the action of the forces by which they combine, ac- 
quired the doubly refracting structure. This effect may be 
accounted for in two ways ; either by supposing that the par- 
ticles have originally a doubly refracting structure, or that 
they have no trac^ of such a structure. On the first of these 
8upix)sitions, we must ascribe the disappearance of the double 
refraction in the fluid mass, and, in the solution, to the opposite 
action of the particles, which mast have had an axis in every 
possible direction ; but as no double refraction is visible, it la 
more philosophical to suppose that none exists in the particlesi 
On the second supposition, then, that the particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought 
together Iw attraction ; for each particle will have an axis of 
double refraction in the direction of the line joining their 
centres, as if they had been compressed by an external force. 
By following out this idea, which I have done elsewhere,'*' I 
have shown how the various phenomena may be explained by 
the difierent attractive forces of three rectangular axes, which 
may produce a single negative axis, a single positive axis, oi 

* Pkii. Trantantionst 1829, or Edii^urgk Journal of Science, new wetim 
rol. vi. p. 328—337. 
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two axes, eitlier both positive or both negative, or the one 
positive and the other negative. The influence of heat, in 
chauj^ing the intensity of the two axes of sulphate of lime, 
and in removing one of the axes, or in creating a new one^ 
admits of an easy explanation on these principles. 



PART HI. 

ON THE APPLICATION OP OPTICAL PRINCIPLES TO THE 
EXPLANATION OF NATURAL PHENOMENA. 



CHAP. XXXI. 
ON UNUSUAL REFRACTION. 

(152.) The atmosphere in which we live is a transparent 
mass of air possessing the property of refracting light We 
learn from the barometer that its density gradually diminishes 
as we rise in the atmosphere, and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it follows, that the refractive power of the atmosphere 
is greatest at the earth's surface, and gradually diminishes 
till the air becomes so rare as scarcely to be able to pro- 
duce any effect upon light When a ray of light falls ob- 
liquely upon a medium thus varying in density, in place of 
being bent at once out of its direction, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in the same manner as if the medium 
had consisted of an infinite number of strata of different re- 
fractive powers. In order to explain this, let £, fig, 129., be 
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the earth, surrounded with an atmosphere A B C D, coneisting 
of four concentric strata of diiSerent densities and difierent 
refractive powers. The index of refraction for air at the 
earth^s surface being 1*000,294, let as suppose that the index 
of the otlier three strata is 1-000,200, 1-000,120, 1-000,050- 
Let B E D be the horizon, and let a ray S n, proceeding from 
the Bun under the horizon, fall on the outer stratum at n, 
whose index of refraction is 1-000,050. Drawing the per- 
pendicular E n m, find by the rule formerly given the angle 
of refraction, E n a, corresponding to the angle of incidence 
S n m. When the ray n a falls on the second stratum at a, 
whose index of refraction is 1*000,120, we may in like 
manner, by drawing a perpendicular Eap^ finid tlie refracted 
ray a b. In the same way, the refracted rays b c and c d may 
be found. The same ray S n will therefore have been re- 
fracted in a polygonal line nabcd, and as it reaches the eye 
in the direction c d, the sun will be seen in the direction dc S\ 
elevated above the horizon, by the refraction of the atmosphere, 
when it is still below it In like manner it might be shown 
that the sun appears above the horizon by refraction, when he 
IS actually below it at sunset 

Although the rays of light move in straight lines in vactto 
and in all media of uniform density, yet, on the surface of the 
globe, the rays proceeding from a distant object, must necea- 
sarilv move m a curve line, because they must pass through 

Sirtions of air of different densities and refractive powers, 
ence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or is 
-actually within it, is seen in its real place. 

Excepting in astronomical and trigonometrical observations^ 
where the greatest accuracy is necessary, this refraction of the 
atmosphere does not occasion any inconvenience. But since 
the density of the air and its refractive power vary ffreatljr 
when heated or cooled, great local heats or local colds will 
produce great changes of refractive power, and give rise to 
optical phenomena of a very interesting kind. Such phenom- 
ena have received the name of unusual refracticn, and they 
. are sometimes of such an extraordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) The elevation of coasts, mountains, and ships, when 
seen over the surface of the sea, has long been observed and 
known by the name of looming. Mr. Huddart described 
several cases of this kind, but particularly the very interesting 
one of an inverted image of a ship seen beneath the real shiou 
I)r. Vince ol»erved at Kamsgate a ship, whose topmasts omy 
were seen above the horizon ; but he at the same time ob- 
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served, in tiie field of the telescope through whieh he was 
looking, two ima^s of the complete ship in the air, both di- 
recdy above the ship, the uppermost of the two being erect, 
wtxiA the other inverted. He then directed his telescope to 
another ship whose hull was just in the horizon, and he ob- 
served a complete inverted image of it; the mainmast of 
Fiff- 130. which just touched the mainmast of the 

ship itself. The first of these two phe- 
nomena is shown in Jig, 180. in whidi A 
is the real ship, and B, C the images seen 
by unusual refraction. Upon looking at 
another ship. Dr. Vince saw inverted 
images of some of its parts which sud- 
denly^ appeared and vanished, ** first ap- 
pearmg," says he, "below, and running ^ 
up very rapidly, showing more or less of 
the masts at ditferent times as they broke 
out, resembling in the swiftness of their 
breaking out the shooting of a beam of the 
aurora &rea}is." As the ship continued to 
descend, more of the image gradually ap- 
peared, till the image of the whole ship 
was at last completed, with the mainmasts 
in contact When the ship descended still 
lower, the image receded from the ship, but no second image 
was seen. Dr. Vince observed another case, shown in Jiy; 

Idlt, in which the sea was distincuy 
seen between the ships B, C. As the 
ship A came above the horizon, the image 
C gradually disappeared, and during this 
time the image B descended^ but the ship 
did not seem so near the horizon as to 
bring the mainmasts together. The two 
images were visible when the whole ship 
was beneath the horizon. 

Captain Scoresby, when navigating 
the Gre^iland seas, observed several very 
interesting cases of unusual refraction. 
On the 28th of June, 1820, he saw from 
the mast-head eighteen sail of ships at 
the distance of al^ut twelve miles. One 
of them was drawn out, or lengthened, 
in a vertical direction ; another was con- 
tracted in the same direction ; one had an 
inverted image immediately above it; 
and other two had two diitinct inverted 
T 
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images above them« accompanied with two images of the stnia 
cMf ice. In 18^ Captain Scoresby tecogniTOd his fiither^ 
sliip, the Fame, by its inverted image in the air, although the 
ship itself tons helmo the herizoru He afterwards found that 
file ship was seventeen miles beyond the horizon, and its dis- 
tance thirty miles. In all these cases, the image was directJhr 
above the object ; but (m the 17th of Septeml^r, 1818, 'MM, 
J urine and Soret observed a case of jjnusual refraction, where 
the image was on one side of the object A bark about 4000 
toises distant was seen approaching Geneva by the left bank 
of the lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of following 
the dh-ection of \Sb bark, receded from it, and seemed to ap- 
proach Geneva by the right bank of the lake ; the image sail- 
ug from east to west, while the bark was sailing from -north 
to south. The image was of the same size as the object when 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the bark when the 
phenomenon ceased 

While the French army was marching through the sandy 
deserts of Lower Egypt, they saw various phenomena of un- 
usual refraction, to which they gave the name of mtm^e. 
When the sur&ce of the sand was heated by the sun, the 
land seemed to be terminated at a certain distance by a general 
inundation. The villages situated upon eminences appeared 
to be so many islands in the middle of a great lake, and under 
each village there was an inverted image of it 'As the army 
approached the boundary of the apparent inundation, the 
imaginary lake witlidrew, and the same illusion appeared 
roum the next village. M. Monge, who has described these 
appearances in the Memoires sur VEgypte, ascribes them to 
reflexion from a reflecting surface, which he supposes to take 
place between two strata of air of different densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hill between Ramsgate 
and Dover. Dr. Vince, however, on the 6th of August, 1806, 
at seven p. m., saw the whole of Dover Castle, as if it had 
been brought over and placed on the Ramsgate side of the hilL 
The image of it was so strong that the hill itself was not seeq 
through the imaee. 

The celebrated yb/a morganot which is seen in the straits 
of Messina, and which for many centuries astonished the vul- 
gar and perplexed philosophers, is obviously a phenomenon of 
mis kind. A spectator on an eminence in the city of Reg^io. 
with his back to the sun and his &ce to the sea, and when th« 
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ruing san eihines firom that point whence its incident my 
Ibnns an angle of about 45*^ on the sea of Rcggio, sees upon 
the water numberless series of pilasters, arches, castles well 
delineated, regular columns, lofty towers, superb palaces with 
balconies and windows, villages and trees, plains with herds 
and fiocks, armies of men on foot and on horseback, all passing 
lapidly in succession on the suriace of the sea. These sanre 
objects are, in particular states of the atmosphere, seen in the 
air, though less vividly ; and when the air is hazy, they are 
seen on the surface of the sea, vividly colored, or fringed with 
all the prismatic colors. 

(154.) That the phenomena above described are generally 
produced by refraction through strata of air of different den- 
sities may be proved by various experiments; In order to 
illustrate tiiis. Dr. Wdlaston poured mto a square phial (Jig\ 
132.) a small quantity of clear syrup, and above this he poured 

an equal quantity of water, which grad- 
ually combined with the syrup, as seen afi 
A. The word Syrup upon a card held 
behind the bottle appeared erect when 
seen throu^ the pure syrup, but inverted 
as represented in the figure, when seen 
through the mixture of water and syrup. 
Dr. Wollaston then put nearly the samc( 
quantity of rectified spirit of wine above 
the water, as in the same figure at B, and 
he saw the appearance there represented, 
the true place of the word Spirit, and 
the inverted and erect images below. 
Analogous phenomena may be seen by 
looking at objects over tlie surface of a hot poker, or along 
the surface oi a wall or painted board heated ny the sun. 

The late Mr. H. Blackadder has described some phenomena 
both of vertical and lateral mirage as seen at King George's 
Bastion, Leith, which are very mstructive. The extensive 
bulwark, of which this bastion rorms the central part, is formed 
of huge blocks of cut sandstone, and from this to the eastern 
end the phenomena are best seen. To the east of the tower 
the bulwark is extended in a straight line to the distance of 
500 feet It is eight feet high towards the land, with a foot- 
way about two feet broad, and three feet from the ground. 
The parapet is three feet wide at top, and is slightly inclined 
towards the sea. 

When the weather is favorable, the top of the parapet re- 
sembles a mirror, or rather a sheet of ice ; and if in this state 
another person stands or walks upon it, an observer at a little 
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dktaBce will see an inverted image of the. person uoder him. 
If, while standing on the footway snotber persoa stands on it 
aJsoy bat at some distance, with his face turned towards the 
■ea, lus image will appear opposite to him, giving the appear^ 
ance of. two persons talking or saluting each other. If^ ag^ain, 
when standing on the footway, and looking in a direction fjxxa 
the tower, another person crosses the eastern extremity of the 
bulwark, passinof through the water-gate, either to of from 
the sea, there is produi^ed the appearance of two persons 
moving in opposite directions, constituting what has been 
termed a lateral mirage : first one is seen movinor past, and 
then the other in an opposite direction, with some interval be- 
tween them. In looking over the parapet, distant objects are 
seen variously modified ; the mountains (in Fifej) being con- 
verted into immense bridges ; dnd on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
tower, the latter appears curiously modified, part of it being 
aa it were cut off and brought down, so as to form another 
•mall and elegant tower in the form of certain sepulchral 
monuments. At other times it bears an exact resemblance to 
•a ancient altar, the fire of which seems to burn with great 
intensity."" 

(155.) In order to explain as clearly as possible how the 
erect and mverted image of a ship is produced as in ^ff. 131., 
let S P (Jig, 133.) be a ship in the horizon, seen at £ by 

Fig, 123, 




ineans of rays S E, P E passing in straight lines throug^h a 
track of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 
from the coldness of the sea below a, its refractive power wiU 

* Edinburgh Journal qf Scieuce^ No. V. p. 13 
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be leas at c than at a. In this qase, rays S (2, P c, whiciiy 
under ordinary circumstances, never could have reached tiie 
eye at £, will be bent into curve lines P c, S <2 ; and if the 
variation of density is such that the uppermost of these ray* 
S d crosses the other at any point x, then S d will be under« 
most, and will enter the eye £ as if it came from the lower 
end of the object. If E |), E s, are tangents to these curves 
or ravs, at the point where they enter the eye» the part S of 
the ship will be seen in the direction £ «, and the part P in 
the direction E p ; that is, the image s p will be inverted. In 
like manner, other rays, S n, P m, may be bent into curvet. 
S n £, P m E, which do not cross one another, so that tho 
tuigent E «' to the curve or ray S n will still be uppermost* 
and the tangent Ep' undermost. Hence the observer at £ 
will see an erect image of the ship at s'p^ above the inverted 
image « ji, as in fig. 131. It is quite clear that the state of 
the air may be such as to exhibit only one of these images^ 
and that these appearances may be all seen when the real map 
i« beneath the horizoa 

In one of captain Scoresby's observations we have seen 
that the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
same direction. If a cause should exist, which is quite pot- 
sible, which elongated the ship horizontally at the same time 
that it elongated it vertically, the effect would be similar to 
that of a convex lens, and the ship would appear magnified* 
and. might be recognized at a distance fitr beyond the limits of 
unassisted vision. This very case seems to have occurred. 
On the 26th July, 1798, at Hastings, at five p. m. Mr. Latham 
saw the French coast, which is about 40 or 50 miles distant, 
as.distinctlv as through the best glasses. The sailors and fish* 
ermen could not at first be persuaded of the reality of the ap- 
paarance ; but as the clif^ gradually appeared more elevated, 
they were so convinced that they pointed out and named to Mr. 
Latham the different places which they had been accustomed 
tp visit : such as the bay, the windmill at Boulogne, St Vallery, 
and other i^aces on the coast of Picardy. All these places 
appeared to them as if they were sailing at a small distance 
ioto the harbor. From the eastern clin or hill, Mr. Latham 
saw at once Dungeness, Dover cliffij^ and the French coast, all 
the way from Calais, Boulogne, on to St. Vallery, and, as some 
of the fishermen affirmed, as finr as Dieppe. The day was ex- 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 

This daas of phenomena may be well illustrated, as I have 

T2 
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•Isewhere* sog^gested, hy holding a mass of heated iroo above 
a coDsiderBble thickness of water, placed in a glasB troagh, 
with plates of parallel glass. By withdrawing the heated 
iron, the gradation of density increasinj? downwards, will be 
accompanied by a decrease of density m>m the surfkce, and 
through such a medium the phenomena of the mirage may be 
«een. 

(156.) That some of the phenomena ascribed to unusual 
refraction are owing to unusual reflexion, arising from difier- 
ence of density, cannot, we think, admit of a doubt If an 
obserrer beyond the earth's atmosphere at S, Jig, 129., were 
to look at one composed of strata of different refractive powers 
as shown in the figure, it is obvious that the light of the sun 
would be reflected at its passage through the boundary of each 
stratum, and tlie same would happen if the variation of re- 
fractive power were perfectly gradual. Well described caaes 
of this kind are wanting to enable us to state the laws of the 
pben9mena; but the following fiict, as described by Dr. 
buchan, is so distinct, as to leave no doubt respecting its ori- 
gin. ** Walking on the clifl^** says he, ** about a mile to the 
east of Brighton, on the mofming of the 18tb of November, 
1804, while watching the rising of the sun, I turned my eyea 
directly towards the sea just as the solar disc emerged from 
the surface of the water, and saw the &ce of the cliff on 
which I was standing represented mrecisely opposite to me at 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we" soon also discovered our 
own figures standing on the summit of the opposite apparent 
tAiftt as well as the representation of a windmill near at hand. 
The reflected images were most distmct precisely opposite to 
where we stood, and the false cliff seemed to &de away, and 
to draw near to the real one, in proportion as it receded 
towards the we^t This phenomenon lasted about ten minutes^ 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scene in 
a theatre. The surface of the sea was covered with a dense 
fbg of many yards in height, and which gradually receded 
before the rays of the sun. The sun*s light fell upon the cliff 

at an incidence of about 73° from the perpendicular.** 

-'■-■' - - 

* JWmter/A JBneyttvpmdia^ art. Heat. 
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CHAP. XXXIL ' 

ON THB RAINBOW.* 

(157.) The rainbow is, as every person knows, a luminous 
arch extending across the region of the sky opposite to the 
son. Under very favorable circumstances, two oows are seen« 
the inner and the outer, or the primary and the secondary^ 
and within the primary rainbow, and in contact with it, and 
withoOt the secondary one, there have been seen supernu- 
merary bows. 

The primary or inner rainbow, which is commonly seen 
alone, is part of a circle whose radius is 42^. It consists of 
seven di^rently colored bows, viz. violet, which is the inner- 
most, indigo^ Mue, green, yellow, orange, and* red, which is 
the outermost These colors have the same proportional 
breadth as the spaces in the prismatic spectrum. This bow is, 
therefore, only an infinite number of prismatic spcctia, ar- 
ranged in the circumference of a circle; and it would be easy, 
by a ch-cular arrangement of prisms, or by covering up all the 
central part of a large lens, to produce a small arch or exactiy 
the same colors. All that we require, therefore, to form a 
rainbow, is a great number of transparent bodies capable of 
fi>rminga great number of prismatic spectra from the light of 
the sun. 

As the rainbow is never seen, unless when rain is actually' 
felling between the spectator and the sky opposite to the sun, 
we are led to believe that the transparent bodies required are 
drops of rain which we know to be small spherea If we look 
into a globe of glass or water held above the head, and oppo- 
site to the sun, we shall actually see a prismatic spectrum re- 
flected from the farther side of the globe. In this spectrum, 
the violet rays will be innermost, and the spectrum vertical.' 
If we hold the fflobe horizontal on a level with the eye, so as 
to see the 8un*s light reflected in a horizontal plane, we shall 
see a horizontal spectrum with the violet rays innermost In 
like manner, if we hold a globe in a position intermediate be- 
tween these two, so as to see the sun*s light reflected in a 
I^ane inclined 45° to the horizon, We shall perceive a spec- 
trum inclined 45° to the horizon with the violet innermost 
Now, since in a shower of rain there are drops in all positions 
relative to the eye, the eye will receive spectra inclined at all 
angles to the horizon, so tKat when combined they will form 

the faurge circtfllir spectrum which constitutes the rainbow. 

— -.-. — — — — — ^_^ — — — 

* bi'the Ootl^gt edition, •«• Afpendix of Am.cd. ebapi. viL. 
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T» explain this moK clearly, let E, F,J'g- 13^< ^ drops of 
nin enxMed lo the sun's rays, incident upon them in the 



directions R E, R F ; out of the nbole beam of light which 
Alls upon the drop, those raye which posa thmug-h or near the 
uIe of the drop will be refracted to a focua behind it, but 
those which &U on the upper side of the ^rop will be re&acted, 
the red rays least, and ^e violet most, and will &11 upon tha 
back of the drop with an obliquity such that many of them 
will be reflected, as shown in tbe figure. These rays will be 
a^in retiscted, and will meet the eye at O, which will per- 
ceive a spectrum or prismatic image of the sun, with the red 
gfnce uppermoat, and the violet undermost If the sun, ths 
eye, ana tbe drops E, F, are all in the eome vertical plane, tha 
^MCtrum produced by E, F will form the colora at the very 
summit of the bow as in tbe £euie. Let us now suppose a 
drop to be near the borizon, so that the eye, the dropi and tha 
Bun, are in a plane inclined to the horizon ; a ray of the sun's 
li^ht will be reflected in the same manner as at E, F, with 
this difierence only, that the plane of reflexion will be in- 
clined to the horizon, and will tbrm part of the bow distant 
from the eummit Hence, it is manifest, that tbe drope of rain 
above the line joining the e^e and the upper part of the rain- 
bow, and in tbe plane passing through the eye and the sun, 
will form the upper part of the bow ; and the drope to the 
right and left butd of the observer, and without the line join- 
ing the eye and the lowest part of the Ixiw, will form tha 
lowest part of tbe bow on each hand. Not a single dn^ 
therefore, between the eye and the space within the bow la 
concerned in its production : so that, if a shower were Lo fall 
regularly fiora a cloud, the rainbow would *|ipeu beibre ft 
ungle drop of tain hod reached the ground- 
K wc (wnpute the iocliuatioii of the reif n.y and tha pioUt 
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my to the incident rays R E, R F, we shall find it to he 42^2'' 
fi>r tiie redf and 40^ 17' for the violet, so that the hreadth of 
the rainbow will be the difference of those numbers, or 1^ 45', 
or nearly three times and a half the sun's diameter. These 
vesolts comcide so accarately with observation, as to leave no 
doubt that the primary rainlx>w is produced by two refractions 
and one intermediate reflexion of the rays that fidl on the 
upper sides of the drops of rain. 

It is obvious that the red and violet rays will sufier a second 
reflexion at the points where they are represented as quitting 
the drop, but these reflected rays will go up into the sky, and 
cannot possibly reach the eye at O. But though this is the 
case with rays that enter the upper side of the drop as at E F, 
or the side farthest from the eye, yet those wnich enter it on 
the under side, or the side nearest the eye, may after two re- 
flexions reach the eye, as shown in the drops H, G, where the 
rays R, R enter the drops below. The red and violet rays 
will be refracted in di^rent directions, and after being twice 
reflected will be finally refracted to the eye at O ; the violet 
ferming the upper part, the red the under part of the spectrum* 
If we now compute the inclination of these rays to the inci- 
dent rays R, R, we ^lall find them to he 50^ 57' for the red 
ray, and 54° 7' for the violet ray ; the difference of which or 
9® W will be tiie breadth of the bow, and the distance be- 
tween the bows will be 8° 55'.'" Hence it is clear that a 
secondary bow will be formed exterior to the primsury bow, 
and with its colors reversed, in consequence of their beine 
produced by two reflexions and two refractions. The breadth 
of the secondary bow is nearly twice as ffreat as that of the 
primary one, and its colors must be much fainter, because it 
consists of light that has sufiered two reflexions in place of one. 

(158.) Sir Isaac Newton found the semi-diameter of the in^ 
terior bow to be 42<^, its breadth 29 10', and its distance from 
the outer bow 8° 30'; numbers which agree so well with the 
calculated results as to leave no doubt of the truth of the ex- 
planation which has been given. But if any farther evidence 
were wanted, it may be found in the fact, which I obser^'ed in 
1812, that the light of both the rainbows is wholly polarized 
in planes passing- through the eye and the radii of the arch. 
This result demonstrates that the bows are formed by reflexion 
at or near the polarizing angle, from the surface of a trans- 
parent body. The production of artificial rainbows by the 
spray of a waterfall, or by a shower of drops scattered by a 
mop, or forced out of a syringe, is another proof of the pre» 

* No correction for the ntn*i apparent diamstar, id befe made. 
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cedjoff ezplanatioD. Lunar F&inbows are sometimee seen, but 
tiie colors are fiiint, and scarcely perceptible. In 1814» I saw, 
at Berne, k fog-bow^ which resembled a nebulous arch* in 
which the colors were invisible. 

(159.) On the 5th of July, 1^28, 1 observed three flupemn* 
xnerary bows within the primary bow, each oonsistinfi^ of 
green and red arches, and in contact with the vtolet arch of 
tke primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very faint 
green one, constituting a supernumerary bow, analogous to- 
those within the primary rainbow. 

Dr. Halley has shown that the rainbow formed by three re- 
flexions within the drops will encircle the sun itself^ at the 
distance of 40^ 20', and that the rainbow formed by four re- 
flexions will likewise encircle him at the distance of 45P 33'. 
The rainbows formed by five reflexions will be partly covexed 
by the secondary bow. The light which forms these three 
bows is obviously too faint to make any impression oa our 
or^nins, and these rainbows have therefore never been observed. 

l^any peculiar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was seen at Chartres^ 
crossuig the primary rainbow at its vertex. It was formed by 
reflexion from the river. 

On the 6th August, 1606, Dr. Halley, when walking on tha 
walls of Chester, observed a remarkable rainbow, shown in 
fig. 135., where A B C is the primary bow, D H £ the secood- 
ary one, and A F H GC the new bow intersecting the second- 
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ary bow D H E, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch F 6 
gradually to contract, till at length the two arches F H G and 
r G coincided, 'so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
bow, A H C, had its colors in the same order as the primary 



XXXin. ON HAL08 AITD PABHSLIA* 227 

coe ABC, and consequently the reverse of the aecondiiry 
how ; and on this accoant the two opposite spectra at G and F 
counteracted each other, and produced whiteness. The sua 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the bow A H C was only that part of 
the circle of the primary bow that would have been under the 
castle bent upwards by reflexion from the river. A third 
rainbow seen between the two common ones, and not con* 
centric with them, is described in Rozier's Journal, and is 
doubtless the same phenomenon as that observed by Dr. Halley, 
Red rainbows, distorted rainbows, and inverted rainbows on 
the grass, have been seen. The latter are formed by the drops 
of rain suspended on the. spiders' webs in the fields. 



CHAP. xxxm. 

ON HAL08, OORONJB, PARHELIA, AND PARABSLKtJB. 

(160.) When the sun and moon are seen in a' clear sky^ 
they exhibit their luminous discs without any change of color, 
^nd without any attendant phenomena. In otiier conditbna 
tjf the atmorohere, the two luminaries not only experience z 
change of color, but are surrounded with a variety of Inminoot 
circles of various sizes and forms. When the air is charged 
with dry exhalations, the sun is sometimes as red as bloxL 
When seen tlirough watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
noon, they are often encircled with one, two, three, or even 
more, colored rings, like those of thin plates; and in coM 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles, 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name halo is given indiscriminately to these phenom* 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paraselerut 
when seen round the moon. 

The small halos seen round the sun and tiioon in fine wea^ 
ther, when they are partially covered with light fieecy cloud& 
have been also called carofuB, They are very common round 
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the sun, though, from the overpowering In-ightness of his rays, 
they are best seen when he is observed by reflexion from the 
surfece of still water. In June, 1692, Sir Isaac Newton ob- 
served, by reflexion in a vessel of standing water, three rings 
of color pound the sun, like three little rainbows. The colors 
of the first or innermost were bltie next the sun, red without, 
and white in the middle between the blue and red. The colors 
of the second ring were purple and blue within, and pale red 
without, and green in the middle. The colors of the third 
ring were pah blue within and pale red without The colors 
and diameters of the rings are more particularly given as fol- 
towis : — 

1st Ring . Blue, white, red - Diameter, 5^ to 6®. 

3d Ring . Pale blue, pale red • Diameter, 12^. 

On the 19th February, 1664, Sir Isaac Newton saw a halo 
round the moon^ of two ringa, as follows : — 

Ist Ring - White, bluish g^reen, yellow, red - Diameter, 3^ 
2d Ring - Blue, green, red .----- Diameter, 5i® 

Sir Isaac considers these rings as formed by the light pass- 
ing through very small drops of water, in the same manner as 
the colors of thick plates. On the supposition tiiat the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters of the rings should be as follows :— 

1st Red ring" Diameter, 7^^ 

2d Red ring Diameter, lOJo 

3d Red ring Diameter, 12^ 33' 

The rings will increase in size as the globules become les^ 
and dimm^ if the globules become larger. 

The halos round the sun and moon, which have excited 
xnost notice, are those which are about 47^ and 94^ in diame- 
ter. In order to form a correct idea of them, we shall give 
accurate descriptions of two ; one a parhelion^ and the other a 
paraselene. 

The following is the original account of a parhelion, seen 
by Scheiner in J.630 : — 

(161.) ** The diameter of the circle M Q N next to the sun« 
was about 45°, and that of tha circle O R P was about 95° 20' ; 
they were colored like the primary rainbow ; but the red was 
pext the sun, and the other colors in the usual order. The 
breadths of all the arches were equal to one another, and 
about a third part less than the diameter of the sun, as repre- 
sented in^. 136. : though I bannot say but the whitish circle 
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OG P, parallel to the horizon, was rather broader than the 
rest Thei two parhelia M, N were lively enough, bat the 

Fig, 136. 




other two at O and P were not so brisk. M and N had a pur* 
pie redness next the sun, and were white in the opposite parta 
O and P were all over white. They all differed in their du- 
rations ; for P, which shone but seldom and but faintly, van* 
ished first of all, being covered by a collection of pretty thick 
clouds. The parhelion O continued ccoistant for a ^eat while, 
though it was but faint The two lateral parhelia M, N were 
seen constantly for three hours together. M was in a lan- 
guishing state, and died first, alter several struggles, but N 
continued an hour after it at least. Though I did not see the 
last end of it, yet I was sure it was the only one that accom- 
panied the true sun for a long time, havmg escaped those 
clouds and vapors which extinguished the rest However, it 
vanished at last, upon the fall of some small showers. This 
phenomenon was observed to last 4^ hours at least, and since 
it appeared in perfection when I first saw it, I am persuaded 
its whole duration might be above five hours. 

" The parhelia Q, R were situated in a vertical plane pass* 
ing through the eye at F, and the sun at G, in which verticri 
the arches H R C, O R P either crossed or touched one an* 
other. These parhelia were sometimes brighter, sometimes 
fainter than the rest, but were not so perfect in their shapo 
and whitish color. They varied their maffnitude and color ac- 
cording to the different temperature of Uie sun's light at G, 
And the matter that received it at Q and R; and therefiurt 

U 
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their light and color were almost always fluctuating, and con- 
tinued, as it were, in a perpetual conflict. I took particular 
notice that they appeared ajmoet the first and last of the par- 
helia, excepting that of N. i 

** The arches which composed the small halo M N next to 
the sun, seemed to the eye to compose a single circumferf^nce, 
but it was confused, and had unequal breadths; nor did it con- 
stantly continue like itself, but was perpetually fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed for this very purpose.* These 
arches cut each other in a point at Q, and there they formed a 
parhelion ; the parhelia M, N shining from the common inter- 
sections of the inner halo, and the whitish circle O N M P.*' 

(162.) Hevelius observed at Dantzic, on the 30th of March, 
1060, at one A. M., the paraselene shown in Jiff, 137. The 
moon A was seen surrounded by an entire whitish circle 

Fig, 137. 




B C D E, in which there were two mock moons at B and D ; 
one at each side of the moon, consisting of various colors, and 
shootinff out very long and whitish beams by fits. At about 
two o'clock a larger circle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at P a 
portion of a lesser. This phenomenon lasted nearly three hoursi 
The outward great circle vanished first ITien the larger in- 
verted arch at C, and then the lesser; and last of all the inner 

* The four intersecting cirdes which form thii inner halo are deaerited 
from four eeatres, one at each anfle of a smaU iquare. 
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circle BODE disappeared. The diameter of this inner circle, 
and also of the superior arch, was 45°, and that of the exterior 
circle and inferior arch was 90^. 

On another occasion Hevelius observed a large white rec- 
tangular cross passing through the disc of the moon, the moon 
being in the intersection of the cross, and encircled with a 
balo exactly like the inner one in the preceding figure. 

(163.) The frequent occurrence of the halos of 47° and 94® 
in cold weather, and especially in the norfeem regions of the 
g^lobe, led to the belief that they must be formed by crystals 
of ice and snow iSoating in the air. Descartes supposed ihaX 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huy^ens, who investigated the subject both experi- 
mentally and theoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles, cf 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the oute"" 
part of the cylinders may be melted by the heat of the sun* a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
znanner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost all the difficulties which have been encountered in ex- 
plaining the origin of haloa 

Sir Isaac Newton regarded the halo of 45^ as produced by 
a different cause from the small prismatic corone ; and he was 
of opinion that it arose from refraction ^ from some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58° or 60°." 
• When we consider, however, the great variety of crystal- 
line forms which water assumes in freezing ; that these crys- 
tals really exist in a transparent state in the atmosphere, in 
the fi)rm of crystals of ice, which actually prick the skin like 
needles ; and that simple and compound crystals of snow, of 
ovety conceivable variety of shape, are often fiillin? throu^rh 
the atmosphere, and sometimes melting in passing through its 
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lower and warmer strata, we do not require aay hypothetical 
cylinders to account for the principal phenomena of haloe. 

Mariotte, Young, Cavendish, and others, have agreed in 
ascribing the halo of 45° or 46° in diameter, to reiractioa 
through prisms of ice, with refracting angles of 60° floating 
in the air, and havinff their refracting angles in all directions. 
The crystals of hoar-frost have actuafiy such angles, and if we 
compute the deviation of the refracted rays of the sun or moon 
incident upon such a prism, with the index of refraction fyt 
ice, taken at 1*31, we shall find it to be 21° 50', the double 
of which is 43° 40'. In order to explain the larger halo. Dr. 
Young supposes that the rays which have been once refracted 
by the prism may fall on other prisms, and the efiect then be 
doubled by a second refraction, so as to produce a deviatioo 
of 90°. This, however, is by no means probable, and Dr. 
Young has candidly acknowledged the '* great apparent [»ob- 
abilitv*' of Mr. Cavendishes suggestbn, that the external halq 
may be produced by the refraction of the rectangular termi* 
Xiations of the crystals. With an index of refraction of 1-31, 
this would give a deviation of 45° 44', or a diameter of 91^ 
78't and the mean of several accurate measures m 01° 40', a 
very remarkable coincidence. 

The existence of prisms with such rectangular temiinations 
is still hypothetical ; but I have removed the difficulty on tbia 
point, by observing in the hoar-frost upon stones, leaves, and 
wood, regular qu^rangular crystals of ice, both simple and 
compound. 

Although halos are generally represented as circles, with 
the sun or moon in their centres, yet their apparent form i9 
commonly an irregular oval, wider below than above, tlie sun 
being nearer their upper than their lower extremity. Dr. 
Smitii has shown that this is an optical deception, arising from 
the apparent figure of the sky, and he estimates tliat when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in thej[>roportion of about 2 lo 3 or 4 ; 
and is to the horizontal diameter drawn through the moon as 4 
to 3, nearly. 

With the view of ascertaininff if any of the halos are fbrm- 
ed by reflexion, I have examined them with doubly refracting 
prisms, and have found that the light which fi>rms them has 
not sufifered reflexion. 

The production of halos may be illustrated experimentally 
by crystallizing various salts upon plates of glass^ and looking 
through the plat6s at the sun or a candle. When the crystals 
are granular and properly formed, they/Will produce the finest 
t^ols. A few drops of a saturated solution of alum, finr ex* 
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ample, spread over a plate t^gitse bo as to cr][gtallize quichly, 
will cover it with an ^perfect cruet, connstine of flat octo- 
hedrai crystals, scarcely vieible to the eye. When the ob- 
server, witb bis eje placed close behind the smooth side of the 
glass plate, looks through it at a luminous body, he will per- 
ceive three _fine haUti at di^rent distances, encircling Iha 
source of light The interior halo, which ia the whitest of 
the three, is formed by the refractioi) of the rays through a 
pair of feces in the crystals that are least inclined to each 
other. The second halo, which is M-ue without and red within, 
with all the prismatic colors, is formed by a pair of mord in> 
dined Aces; and the third halo, which is large and brilliantly 
colored, IVom th° increased refraction and dispersion, is fiirmed 
by the most incimed laces. As each crystal of alum has thte« 

eiiB of each of these included prisms, and as these refractinf 
:ea will have every possible direction to the horizon, it la 
easy to understand how the haloe are completed and equally 
lur^inons throughout When the crystals have the property 
of double refraction, and when their axis is perpendicular to 
the plates, more beautiful combinations will be produced. 

(IW.) Among the luminous phenomena of the atmosphere, 
WB may here notice that of ctmverging and diverging solar 
beams. The phenomenon of ditxrging beatai, represented in 
Jig. 133,, is of frequent occurrence in summer, and when the 
•an is near the horizon ; and arises Irom a portion of the sun'a 



ntys poBsing through openings in the clouds, while the adjacent 
portions are obstructed by Uie clouds. The pbenomenoD of 
eonvergijig beanu, whicn ii cf much tarer occurreDca, ii 



riiown in fig. 189,, where the rays oonTerffe to x. point A, a» 
&r iMtow the horism M N aa the oun is above IL This phe- 
Bomenon is always seen oppoeite to the sun, ftud generally at 



As Nnw time with the phenomeDon of diverj^in^ beui]% as if 
uiother sun, diamatrically oppoeite to the real one, were belo«r 
tlie horizon at A, and throwing out his direrxenC befttns. In & 
phenoaiCDon of Ihia kind which I saw in &24, the eRStem 

SrtioQ of the horizon where it appeared wu occupied with m, 
ick cloud, which seems to be necessary ns a ground, for 
rendering visible Euch feeble radiations. A few qiinutes ait«r 
the phenomenoii wbs first seen, the converging lines wera 
bUck, or very dark ; an effect which seems to have arisen 
from the luminous beams having become broad and of unequal 
intensity, so that the eye took up, as it were, the dark space* 
between the beams tnore readily than the luminous beams 
themselves 

This pbenomcnon is entirely one of perspective. Let us 
HUppoaa beams inclined lo one another like the meridians of ■ 
globe to diverge ffuni the sun, as these meridians diverge from 
the north pole of the globe, and let ua suppose that planea 
pass throu^ all these meridians, and through the line joining 
the observer and the sun, or their common intersection. An 
eye, theretbre, placed in that line, or in the common intersec- 
tion of all the fifteen planes, will see the fifteen beams con- 
verging to a point opposite the sun, just ss an eye in the axis 
of a globe would see all the Hfteen meridians of the globa 
converge to its south pole. If we suppose the e:tia of a globe 
or of an oruiillary sphere to he directed to the centres o? the 
<l|veTgiog and converging beomf, and a plane to pass through 
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the globe parallel to the horizon, it would cut off the meri- 
dians 80 as to exhibit the precise appearances in fig, 138. and 
Jig-. 139. ; with this difierence only, that there would be fifteen 
beams in the diverg^ing system in the place of the number 
Aown in fig, 139. 



CHAP. XXXIV. 

ON THE COLORS OF NATURAL BODIES. 

(165.) There is no branch of the application of optical 
science which possesses a greater interest than that which 
proposes to determine the cause of the colors of natural bodies. 
$ir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject; but though his specula- 
tions are marked with the peculiar genius of their author, yet 
they williiot stand a rigocous examination under the lights of 
modern science. 

That the colore of material nature are not the result of any 
quality inherent in the colored body has been incontrovertibly 
proved by Sir Isaac. He found that all bodies, of whatever 
color, exhibit that color only when they are placed in white 
light. In homogeneous red light they appeared red, in violet 
light violet, and so on ; their colors being always best displayed 
when placed in their own daylight colors. A red wafer, for 
example, appears red in the white light of day, because it re- 
flects red light more copiously than any of the other colors. 
If we place a red. wafer in yeUow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, however, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appeared absolutely black when 
placed in yellow light ThQ colors, therefore, of bodies arise 
firom their property of reflecting or transmitting to the eye 
certain rays of white light, while they stifle or stop the re» 
maining rays. To this pdnt the Newtonian theory is support- 
ad by in&Uible experiments ; but the principal part of the 
theory, which has fi>r its object to determine the manner in 
which particular rays* are stopped, while others are reflected 
or transmitted^ is not so well founded.^ 
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As Sir Isaac has stated the principles of his theory with the 
greatest clearness, we shall give them io his own words. 

<*lst, Those superficies of transparent bodies reflect the 
greatest quantity of light which have the greatest refracting 
power ; that is, which separate media that difier moet in their 
refracting poweV. And in the confines of equally refracting 
media there is no reflexion. 

**2d, The least parts of almost all natural bodies are in 
some measure transparent ; and the opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
part& 

** dd, Between the parts of opaque and colored bodies are 
many spaces, either empty, or replenished with mediums of 
other densities; as water between the tinging corpuficles 
wherewith any liquor is impregnated; air l^tween the 
aqueous globules that constitute clouds or mists ; and for the 
most part spaces, void of both air and water, but yet perhaps 
not wholly void of all substancei between the parts of all 
bodies. 

*' 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored. 

" 5th, The transparent parts of bodies, according' to their 
several sizes, reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I ta!ke to be the ground 
of all their colors." 

** 6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades their intersticea 

" 7th, The bigness of the component parts of natural bodies 
may be conjectured by their colors." 

Upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, black and white opacity, and 
color. He regards the transparency of water, salt, glass^ 
stones, and such like substances, as arising from the smallness 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are, yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an inch ; the particles of water 
the ^th of a millionth, and those of glass the |d of a millionth; 
because at these thicknesses the light reflected is nothing, or 
the very black of the first order. The opaeity of bodies, such 
' as that of white papei^ linen, &c, \A ascribed by Newton to a 
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gfreater size of the particles and their intervals, viz. fuch a 
size as to reflect the white, which is a mixture of the cobra 
of the different orders. Hence in air they must exceed 77 
millionths c^ an inch, in water 57 millionths, and in glass 50 
millionths. 

In like manner all the different colors in Newton's table 
are supposed to be produced when the particles and their in« 
tervals have an intermediate size between that which pro- 
daces transparency and that which produces white opacity. 
If a film of mica, for example, of an uniform Uue color, is cut 
into the smallest pieces of the same thickness, every piece 
will keep its color, and a heap of such pieces will constitute a 
mass of the same color. 

So far the Newtonian theory is plausible ; hut in attempting 
to explain black opacity, such as that of coal and other bodies 
absolutely impervious to lights it seems to fail entirely. To 
produce blackness, *' the particles must be less than any of 
those which exhibit color. For at all greater sizes there is too 
much light reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
very faint blue of the first order, they will reflect so very little 
light as to appear intensely black." That such bodies will be 
black when seen by reflexion is evident ; but what becomes 
of all the transmitted light? This question seems to have 
perplexed Sir Isaac. .The answer to it is, ** it may perhxtp9 
be variously refracted to and fro within the body, until it 
happens to Be stifled and lost ; by which means it will appear 
intensely black." 

In this theory, therefore, transparency and blackness are 
supposed to be produced by the very same constitution of the 
body ; and a refraction to and fro is assumed to extinguish 
the transmitted light in the one case, while in the other such 
a refraction is entirely excluded. 

In the production of colors of every kind, it is assumed 
that the complementary color, or generally one half of the 
light, is lost by repeated reflexions. Now, as reflexion only 
changes the direction of ligh^t, we should expect that the light 
thus scattered would show itself in some form or other ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

For these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

g—f--^ ■■■111 iiiii i_ ■! _ II ■ 11 ------ f|-ir-iiiT^ 

* See a more detailed examination of the theory in my Life of Sir Ifaao 
Newton. 

t For an account of Sir David Brewnter'a outline of a new theory of the 
eotora of natural bodies, see Note VII. of Am. ed. 
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ooloni as applicable only to a mnal] class of phenomena, whQa 
it leaves unexplained the colors of fluids and transparent 
solids, and all the beautiful hues of the vegetable kingdom, la 
numerous experiments on the colors of leaves, and on the 
juices expressed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tints^ 
I have found it to arise from there being two diflerently color- 
ed juices existing in different sides of the leaf! The New- 
tonian theory is, we doubt not, applicable to the colors of the 
wings of insects, the feathers of birds, the scales of fishes;, the 
oxida^ted films on metal and glass, and certain opalescences. 

The colors of vegetable life and those of various kinds of 
solids arise, we are persuaded, from a specific attraction which 
the particles of these bodies exercise over the differently col- 
ored rays of light It is by the light of the sun that the colored 
juices of plants are elaborated, that the colors of bodies are 
changed, and that many chemical combinations and decompo* 
sitions are effected. It is not easy to allow that such efl^ta 
can be produced by the mere vibration of an ethereal medium; 
and we are forced, by this class of facts, to reason as if light 
was material. When a portion of light enters a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
That it is attracted by the particles seems extremely probable, 
and that it enters into combination with them, and produces 
various chemical and physical effects, cannot well be doubted ; 
and without knowing the manner in which this combination 
takes place, we may say that the light is absorbed^ which is 
an accurate expression of the fact 

Now, in the case of water, glass, and other transparent 
bodies, the light which' enters their substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comes 
out colorless, because the particles have absorbed a propor- 
tional quantity of all the different rays which compose white 
light, or, what is the same thing, tlie body has absorbed white 
light 

In all colored solids and fluids in which the transmitted 
light has a specific color, the particles of the body have ab- 
sorbed all the rays which constitute the complementary color, 
detaining sometimes all the rays of a certain definite refian- 
gibility, a portion of the rays of other refrangibilities, and al- 
lowinff other rays to escape entirely from ateorption ; all the 
rays thus stopped will form by their union a particular com- 
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ponnd color, which will be exactly complementary to the color 
of the transmitted rays. 

In black bodies, such as coal, &c, all the rays which enter 
their substance are absorbed ; and hence we see the reason 
"why such bodies are more easily heated and inflamed by the 
action of the luminous rays. The influence exercised by heat 
and cooling upon the absorptive power oi bodies furnishes an 
additional support to the preceding views. 

(166.) Before concluding this chapter, we may mention a 
few curious facts relative to white opacity, black opacity, and 
color, as exhibited by some peculiar substsinces. 

1st, Tabasheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboo. The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complement- 
ary to the azure. When it is slightly wetted with a wet 
needle or pin, the wet spot instantly becomes milk white and 
M)paque, The application of a greater quantity of water re- 
sstores its transparency. * 

2dly, The cameleon mineral is a solid substance made bj 
lieating the pure oxide of manganese with potash. When it is 
dissolved in a little warm water, the solution changes its color 
from green to blue and purple, the last descending in the order 
of the rings, as if the particles became smaller. 

3dly, A mixture of oil of sweet almonds witii soap and sul- 
phuric acid is, according to M. Claubry, first yellow, then 
orange, red, and violet. In passing from the orange to the 
red, the mixture appears almost black, 

4thly, IC in place of oil of almonds, in the preceding ex- 
periment, we employ the oily liquid obtained from alcohol 
heated with chlorine, the colors of the mixture will be pale 
yellow^ orange, black, red, violet, and beautiful blue. 

5thly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color ; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
minutes red, and then violet-blue. 

6thly, A solution of fuematine in water containing some 
drops of acetic acid is a greenish yellow. When Introduced 
into a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yellow, 
orange, red, and purple, and returns gradually to its primitive 
tint 

7thly, Several of the metallic tfxides exhibit a temporary 
change of color by heat, and resume their original color by 
cooling. M. Chevreul observed, that when indigo, spread 
npoD paper, is volatilized, its color passes into a very brilliant 
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pop|>^-red. The jellow phoaphate of lead gtovis green when 
hoi 

8thly, One of the most remarkable lacls, however, ia that 
discovered by M. Tbenard. He found that phosphorus, purified 
bf repeated distillations, though naturally of a whitish yellow 
ocdor when ijiowed to cool slowly, becama abtolulely black 
when thrown melted into cold water. Upon touching eotob 
little globules tliat still remained yellow and liquid when he 
wu repealing this eipetiment, *■■"-■■ i .1 .. -i . 
itontly Decaine solid aiid blaclc 
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An account of the structure and functions 1^ the human 
eye, that masterpiece of divine mechanism, &rms an interest- 
ing branch of applied optics. This noble organ, by means of 
which we acquire so large a portion of our knowledge of the 
material universe, is represented in ^gt. 140. and 141., the 
rormer being a front and external view of it, and the latter a 
section of it through all its humors. 

The hunnan eye is of a spherical form, with a slight pro- 
jection in front The eyeball or globe of ihe eye consiets of 
KHir coats or membranes, which have received the names of 
the tcterntic coat, the choroid coat, the cwnca, and the retina; 
ftod these coals inclose three humors, — Uie aqjiemta humor, 
the vitreoui humor, and the cryslaUine humor, the last of 
which has the Ibrm of a lens. The sclerotic coat, aaaa, ot 
the outermoiit, is a strong and tough membrane, to which are 
Bttuched all the muscles which give motion to the ^ebillt 
fir- no- 



and it oonfltitatiK dte white of tin ey^ ao, JSf. 1401 Hie 
eomeoj bb^ia the clear and tramparent eoat which ibnon tlia 




AoDt of the eyeball, and is the first optical sarfkce at which 
the rays of liffht are refracted. It is firaily united lo the 
a c fe fo fi c coat, filling up, as it were, a circular aperture in its 
ftont. The eomea hi an ezeeedingly tough memhraae, of 

3ual thickness throughout, and composed of several firmly 
hering layers, capable of oppoeiiig great remstance to ex- 
ternal injury. The c&oroMi coat is a delicate membrane lining 
the inner surface of the sclerotic^ and covered on its iqner 
Burfiice with a black pigment Immediately within this pig- 
ment, and close to it, lies the retina^ rrr^ which is the inner- 
most coat of alL It is a delicate reticulated membrane, ibrmed 
hy the expansioq of the o{)tic nerve, O O, which enters the eye 
at a point about ^ of an inch from the axis on the side next 
the nose. At the extremity of the axis of the eye, in a line 
pwflQiwg through the centre of the cornea^ and perpendicular 
to its surface, there is a small hole with a yellow margin, 
called the fwamfn centrale, which, notwithstanding its name, 
18 not a real opening, but only a transparent spot, free fipm 
the soft pulpy matter of Vhich the retina is composed. 

In looking through the cornea from without, we perceive a 
fiaf. circular membrane, ef, Jig, 141., or within^ b b. Jig, 140., 
which is grey, blue, or black, and divides the anterior of the 
eye into two very unequal parts. In the centre of it there is 
a circular opening, d, called the pupils which widens or ex- 
pands when a snuul portion of light enters the eye, and closes 
or contracts when a great quantity of light enters. The two 
parts into which the iris divides the eye are called the anterior 
and the^Kis/erior chambers. The anterior chamber, which is 
anterior to the iris, ef, contains the aqueous humor ; and the 
•posterior chamber, which is posterior to the hris, contains the 
crystalline and vitreous humors, tSie last of whidi fills a greit 
poitioii of the eyeball. 

V 
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The CK^f^^triSko» leofl* ce^J^, 141., is a more fx>Iid mbatajic^ 
tinn ettiier the aqueous or the vitreous humor. It is. suspended 
in a transparent bag or capsule by the ciliary processes^ g g^ 
which are attached to every part of the margin or circumfer- 
ence of the capsule. This lens is more convex behind than 
before ; the radius of its anterior surface bein^ 0*30 of an inch, 
and that of its posteribr surfiice 0*22 of an mcfa. The lens 
increases in densitv from its circumference to its centre, and 
possesses the doubly refracting structure. It consists of con- 
centric coats, and these are again composed of fiHres. The 
viJtreionn humor, V V, is contained in a capsule, vtrhich is sup- 
posed to be divided into several compartment& 

The total len^ of the eye from O to 6 is about 0-91 of an 
inch ; the principal focal distance of the lens, c c, is 1*73 ; and 
the range of the moving eyeball, or the diameter of the fiel^ 
fif distinct vision, is 110°. The field of vision is 50^ above % 
horizontal line and 70° below it, or altogether 120° in a ver>- 
tical plane. It is 60° inwards and 90° outwards^ or altogether 
in a horizontal plane 150°. 

I have found the following to be the refractive powers of 
the different humora of the eye; the ray of light being inci- 
dent upon them from air : — 

AmUouM CrytUdline Lens, • VHretmrn 

1*3366. 1*3767. 1*3990. i-3839. 1*3394. 

fiut as the rays refracted by the aqueous * humor pass into 
the crystalline, and those from the crystalline into tiie vitreous 
humor, the indices of refraction of the separating surfkce of 
each of these humors wDl be :-— 

From aqueous humor to oater coat of the crystalline 1*0300 

From da to crystalline, using the mean index • . 1*0353 

From crystalline outer coat to vitreous ..... 0*9729 

From do. to do. using the mean index ... 0*9679 

As the cornea and crystalline lens must act upon the rays 
of light which fall upon the eye exactiy like a convex leos^ 
inverted images of external objects will be formed upon the 
zetm^r r r in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
<L There is this difference, however, between the two caseep 
•that in the eye the spherical aberration is corrected by means 
of the variation in the density of the civstaUine lens, which, 
having a greater refractive power near the centre of its mass^ 
Milracts the central rays to the same point as the rays whkdi 

Km through it near its circumfer«iice cc. No provisioii. 
wever, is made in the human eye for the correction of ookt 
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liecaiise -the deviation of the difibrently colored ntys 79 too 
small to produce indistinctness of vision. If we shut up aH 
the pupil excepting a portion of its edge, or look past the 
finger held near the eye, till the finger fdmost hides a narron^ 
line of white light, we shall see a distinct prismatic spectruih 
of this line containing all the difierent colors ; an efl^ct which 
could not take place if the eye were achromatic. 

That an inverted image of external objects is farmed ob 
the retina has been often proved, and may be ocularly demon- 
strated by taking the eye of an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin euoogfa 
to see the image through it Beyond this point optical science 
cannot carry us. In what manner the retina conveys to thb 
brain the impressions which it receives from the rays of lig)it 
we know not, and perhaps never shall know. 

Oh the Phenomena and Laws of Vision 

(167.) 1. On the seat rf visum, — ^The retina, from its deli- 
cate stnicture, and its proximity to the vitreous humor, h$& 
always been regarded as the seat of vision, or the surfkce Ob 
which the refracted rays were converged to their foci, for tfab 
parpose of conveying the impression to the brain, till Ijff. 
Mariotte made the curious discovery that the base of the opdKs 
nerve, or the circular section of it at O, fig. 141., was iit' 
capable of conveying to the brain the impression of distinct 
vision. 

He found that when the image of any External object fep 
upon the base of the optic nerve, it instantly disappeared. 1^ 
Older to prove this, we have only to place upon the wall, at 
the height of the eye, three wafers, two feet distant from each 
other. Shutting one eye, stand opposite to the middle wafer, 
and while looking at the outside wafer on the same hand tm 
the shut eye, retire gradually from the wall till the middle 
wafer disappears. This will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctly 
seen. If candles are substituted for wafers, the middle candle 
will not disappear, but it will become a cloudy mass of lighl 
If the wafers are placed upon a colored wail, the spot occu* 
pied by the wafer will be covered by the color of the wall, as 
if the wafer itself had been removed. According to Daniel 
Bernoulli, the part of the optic nerve insensible to distinct 
impressions occupies about the seventh part of the diamet^ 
of the eye, or about the eighth of an inch. 

This imfitQesB of the Iwuse of the optic nerve for giving 
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diitiiict vimm, imkieed Mariotte to believe that the choroid 
coat, which lies immediately below the retina, performs the 
fonctiaiis ascribed to the retina; for where there was no 
chonnd coat there was no distinct vision. The opacity <^* the 
choroid coat and the transparency of the retina, which render- 
ed it an unfit ground for the reception of images, were argik- 
ments in favor of this opinion. Comparative anatomy furnishes 
lis with another argument, perhaps even more conclusive than 
any of thoso uiged by Mariotte. In the eye of the tepUt 
laugo, or cuttle-fish, an opaque membranous pigment is inter- 
posed between the retina and the vtlreeus humor ^ eo that, if 
the retina is essential to vision, the imjuessions of the imaee 
on thi9 black membrane must be conveyed to the retina bf 
the vibrations of the membrane in front of it Now, since 
the human retina is transparent, it will not prev^it the images 
of objects from being formed on the choroid coat; and the 
▼ibiaticms which they excite in this membrane, being com- 
municated to the retina, will be conveyed to the Drain. These 
▼lews are strengthened by another fiict of some interest. I 
have observed in young persons, that the chonnd coat (which 
k ffenerally supposed to be black, and to grow fainter by age,) 
lenects a brilliant crimson odor, like that of dogs and oSier 
animals. Hence, if the retina is afl^ted by rays which pass 
throuffh it, this crimson light which must necessarily be trans- 
mitted by it oufifht to excite the sensatbn of crimson, which 1 
£nd not to be the case. 

A French writer, -M. Lehot, has recently written a worh^ 
endeavoring to pnfve that the seat of vision is in the vitreoos 
humor; and that, in place of seeiiig« flnt picture <xf the oh* 
ject, we actually see an image of three dimensions, viz. with 
length, breadth, and thickness. To produce this efi^t, he 
supposes that the retina sends out a number of small nervous 
filaments, which extend into the vitreous humor, and convey 
to the brain the impressions of all parts of the image. If this 
theory were true, the eye would not require to adjust itself to 
different distances; and we besides know for certain, that the 
eye cannot see with equal distinctness two points of an object 
at difierent distances, when it sees one of them perfectly. M. 
Lehot might indeed reply to the first of these objections, that 
the nervous filaments may not extend far enough into the 
vitreous humor to render adjustment unnecessary ; but if we 
admit this, we would be admitting an imperfection of work- 
manship, in so far as the Creator would then be employing two 

: ; m 
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MudB of meehaniflni to prodoee an «fieet whieh could haif6 
been eanly produced by either of them sepafately. 

As difBcttlties still attach to every opinion respecting th^ 
teat of vision, we shall still adhere to the usual expression 
used by all optical writers, viz. that the images of objects arft 
painted on the retina. .^ 

ri68.) 2. Oft the law of visible direction. — ^When a ray 
of light falls upon the retina, and gives us vision of the point 
of an object from which it proceeds, it becomes an interesting 
^estion to determine in what direction the object will be se^ 
reckoning from the point where it falls ision the retina. In 
Jiff. 142., let F be a point of the retina on which the image of 
ft point ef a distant object is fermed by means of the ciystallinA 

Fig. 142. 




lens, supposed to be at L L. Now, the nys which form th^ 
image crf^the point at F fiill upon the retina in all possible di- 
lections from L F to L F, and we know that the point F is 
seen in the direction FOR. In the same manner, the points 
ff are seen somewhere in the directions /' S,/T. These 
Unes F R,/' S,/T, which may be called the lines qf visible 
direciion, may either be those which pass through the centre 
O i>f the lens L L, or, in the case ca the eye, through the 
centre of a lens equivalent to all the refractions employed in 
-producing the Image ; or it may be the resultant of all the 
directions within the angles LFL,L/L;orit may be a line 
perpendicular to the retina at T,f'f, In order to determine 
this pomt, let us look over the top of a card at the point of 
tlie object whose image is at F till the edge of the card is just 
about to hide it, or, what is the same thing, let us obstruct all 
Ae rays that pass through the pupil excepting the upper ones^ 
R L, R C ; we shall then find that the point whose image is at F, 
h seen in the same direction as when it was seen hy all the 
rays L F, C F, L F. If we look beneatfi the card in a similai' 
ia8mier,aoa8tosee the object by tte lower niyB^RLF,RCP 
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4re «hill see it in Uie Muoie direetiflii. Hence it is manifest 

that the line of visible direction does not depend on the direo- 
tioQ of the my, but is always perpendicalar to the retina. This 
important truth in the phvsioJDgy of visbn may be proved in 
another way. If we look at the sun over the top pf a caid« 
as befiure, so as to impress the eye with a permanent spectrum 
by means of rays L F falling obliquely on the retina, this 
spectrum will be sem along the axis of vision F C. In like 
manner, if we press the eyeball at any part where the retina 
18, we shall see the luminous impression which is produced, in 
a direction perpendicular to the point of pressure ; and if we 
make the pressure with the head of a pin, so as to press either 
f^liquely or perpendicularly, we shall find that the luminous 
spot has the same direction. 

Now, as the interior eyeball is as nearly as possible a perfect 

aihere, lines perpendicular to the surface of the retina roust 
1 pass through one single point, namely, the centre of its 
spherical surface. This one point may be called the centre of 
visible direction^ because every point of a visible object will 
be seen in the direction of a line drawn fixmi this centre to 
the visible point When we move the eveball by means of ita 
own muscles through its whole ran^e of llOS every point dt 
an object within the area of tbo visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises 
from the immobility of the centre of visible direction, and, 
consequently, of the lines of visible direction joining that 
centre and every point in the visible field. Had the centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If we press 
the eye with the finger, we alter the spherical form of the 
surface of th^ retina; we consequently alter the direction of 
lines perpendicular to it, and also the centre wh^pe these lines 
meet; so that the directions of visible objects should be 
ehanged by pressure, as we find them to be. 

(lo9.) 3. On the cause of erect vision from an inverted 
image, — As the refractions which take place at the surface of 
the cornea, and at the surfaces of the crystalline lens, act ex- 
actly like those in a convex lens ia forming behind it an in- 
verted image of an erect object ; and as we xnow from direct 
experiment that an inverted image is formed on the retina, it 
has been lon^ a problem among the learned, to determine how 
an inverted unage produces an erect object It would be a 
waste of time to give even an outline of the dififerent opiniona 
which have been entertained on this subject; but there is one 
so extraordinary as to merit notice. Accordmg to this opinkia» 
all in&nts see objects upside down, and it is amy by c^mptring 
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tbe emmeeus infiNnnatioii ac^red If fiskn with the aocunte 
infojrmation acquired by touch, that the young learn to see 
objects in an erect pasitioii ! To refute such an opinion would 
be an insult to the intelligent reader. Tbe establi^nient of 
the true cause of erect vision necessarily overturns all erro- 
neous hypotheses. 

The law of visible direction above explained, and deduced 
&om direct experiment, removes at once every difficulty that 
besets the subject. The lines of visible direction necessarily 
cross each other at the centre of vimble direction, so that those 
from the lower pairt (^ the image go to the upper part of the 
^ object, and those firom the upper put of the image to the lower 
part of the object Hence, in Jig. 14SL the visible direction 
of the pointy, formed l^ rays coming from the upper end 8 
of the d)jeet, will be/' C S, and the visible direction <^ the 
point/ formed by rays coming from the lower end T of tlie 
object, will be/CT; so that an inverted image necessarily 
produces an erect object. 

This conclusion may be illustrated in another way. If we 
hold up against the sun the erect figure of a man, cut out 1^ 
a piece c? black paper, and look at it steadily for a little 
while ; if we then shut both eyes, we shall see an erect speo- 
Irum of the man when the figure of the paper is erect, and 
an inverted spectrum of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from the object to the retina after the eye is shut, and therefore 
the object is seen in the positions above mentioned, in virtue 
of the lines of visiUe direction being in all cases perpendicular 
to the impressed part oi the retina. 

(170.) 4. On the law of distinct vtsum, — ^When the eye 
is directed to any point of a landscape, it sees with perfect 
distinctness only that point of it which is directly in the axis 
of the eye, or the image of which falls upon the central hxAe 
of the retina.' But, tlK)ugh we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other parts of the landscape with sufficient 
distmctness to liable us to enjoy its general effect The ex- 
treme mobility of the eye, however, and the dura.tion of the 
impressions made upon the retina, make up for this ai^)arent 
defect, aoMl enable us Co see the landscape, as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness of vision for all objects situated out of 
the axis of the eye increases with their distances from that 
axis; so that we are not entitled to ascribe the distinctness of* 
vision in the axis to the circumstajice of the image being 
iwmed on the central hole of the retina, where there is no 
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nervous matterr; tbr if this were the case, tlierewouM be a 
precise boundary between distinct and indistinct vision, or the 
retina wouid be found to grow thicker and thicker as it re- 
ceded from the central hole, which is not the- case. 

In making some experiments on the indistinctnesB of vision 
at a distance from the axis of the eye, I was led to observe a 
very remarkable peculiarity of oblique vision. If we shut one 
eye, and direct the other to any fixed point, such as the head 
of a pin, we shall see indistincUv all tther objects within the 
sphere of vision. Let one of these ohjects thus seen indis- 
tmctly be a strip of white paper, or a pen lying upon a green 
doth^ Then, after a short time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirely removed, th^ 
impression of the green cloth- upon the surrounding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. In a short time the vanished 
image wiU reappear, and again vanish. When both eyes are 
open, the very same effect takes place, but not so readily as 
with one eye. If the object seen indistmctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a dandle, it wiB 
never vanish entirely, unless its light is much weakened 1^ 
bein^ placed at a great distance, but it swells and contracts^ 
and IS encircled with a nebolous halo; so that the luminous 
impressions must extend themselves to adjacent parts of the 
l^ma which are not influenced by the light itself. 

If; when two candles are placed at Uie distance of about 
sisfhtorten feet from the eye, and abont a foot fronii each 
other, we view the one directly and the other indirectly, th*i 
indirect image vHll swell, as we have already mentioned, and 
will be surrounded vrith a bright ring of ydhw light, while 
the bright light within the ring will' have a pale blue color. 
If the candles are viewed through a prism, the red and green 
light of the indirect image will vanish, and there will be left 
only a large mass of jellow terminated with a portion of blue 
light In making this experiment, and loc^ng steadily and 
du^ctly at one of the prismatic images of the candles, I was 
surprised to find tliat the red and green ra^s began to dis- 
ftppBar, leaving oply yellow and a small portion of bluei.and 
when tiie eye was kept immovably fixed on the same pohit of 
the ima^e, the yeUow light became almost pure white, so ^at 
&e prismatic image vtras converted into an elongated image 
ef white light 

If the strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen double, the 
lays which proceed ftnm it no longer fall upon oorrMpoodiBg 
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pennta of the retina, and the two images do not vanish instaa- 
taneously. But when the aae begins to disappear, the other 
begins aoon after it, so that they sometimes appear to be ex- 
tinguished at the same time. 

From these results it appears that oblique or indirect vision 
18 inferior to direct vision, not only in distinctness, but fh>m 
its inability to preserve a sustained vision of objects; but 
though thus defective, it possesses a superiority over direct 
vision in giving us more perfect vision of minute objects, sudi 
as small stars, which cannot be seen by direct vision. This 
curious fiict has been noticed by Mr. Herschel and Sir James 
South, and some of the French astroDomers. *< A rather sin- 
gokr method," say Messrs. Herschel and South, '* of obtaining 
a view, and even a rough measure, of the angles of stars oC 
the last degree of faintness, has often been resorted to^ viz. to 
direct the eye to another part of the field. In this way, a 
fiunt star, in the neighbcMrhood of a large one, will oflken be* 
eome ver^ conspicuous ; so as to bear a certain illumination, 
which will yet totally disappear, as if suddenly blotted out, 
when the eye is turned full upon it, and so on, appearing and 
disappearing altematelv as often as you please. The kteral 
portions of the retina, less &ti|rued by strong lights, and less 
exhausted by perpetual attention, are probably more ssasible 
to fiiint impressions than the central ones; which may serve 
to account for this phenomenon." 

The following explanation of this carious phenomenon 
seems to me more satia&ctory : — ^A htmiwme point seen by 
direct vision^ or a sharp line of light viewed steadily for a 
considerable time, throws the retina into a state oi agitation 
highly un&vorable to distinct vision. If we look through the 
teeth of a fine comb held close to the eye, or even through a 
ffingle aperture ot the same narrowness, at a sheet of illumi« 
Dated white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of broken 
■erpentme lines, parallel to the aperture, and in constant mo* 
tion ; and as the aperture ia turned round, these parallel undu* 
lations will also turn round. These black and white lines are 
obviously undulations on the retina, which is sensible to the 
impressions of li^ht in one phase of the undulation, and insen- 
sible to it in anoSier phase. An analogous efiect is produced 
bv looking stedfastly, and for a c(»siderable time, on the par- 
allel lines which represent the sea in certain mapa These 
lines will, break into portions of serpentine lines, and aU the 
prismatic tints wiU be seen included between the broken eur« 
vilinear portions. A sharp point or line of light is therefore 



vmkbto to keep up a eonttnued vision c^ iteelf npon the retiitt 
when seen direcUy. 

Now, in the ease of indirect yision, we have alread^r seen 
that a luminous object does not vanish, but is seen indistinctly, 
and produces an enlarged image en the retina, beside that 
which is produced by the defect of oonvergency in the pencils. 
Hence, a star seen indirectly, will affect a larger portion of 
the retina from these two causes, and, losing its sharpness^ 
will be more distinct It is a curious circumstance^ too, that 
in the experiment with the two candies mentioned above, the 
candles seen indirectly frequently appear more intensely 
bright than the candle seen directly. 

(171). 5. On the insensibUily -of the eue to direct in^>re$» 
tiom of faint Ught. — The insensibilit;^ of the retina to indi- 
rect impressions of objects ordinarily illuminated, has a sin* 
gular counterpart in its insensibility to the direct impresaioil 
of very fiiint lig^t If we fix the eye steadily on objects in a 
dark room ttmt are illuminated with the fiiintest gleam of 
li(^t, it will be. soon thrown into a state of painful agitation; 
the objects will appear and disappear according as the retma 
has recovered or lost its sensilMlily. 

These auctions are no doubt the souroe bf many opticU 
deceptions which have been ascribed to a supernatural origin; 
in a dark night. When objects are feebly illuminated, th^ir 
disappearance and reappearance must seem very extraoidiiiary 
to a person whose fear or curiosity calls ferth all his po\;<rers of 
ebservatidn. This defect of the eye must have been ofteft 
noticed by the sportsman in attempting to mark, upon the mo- 
notonous heaths, the particalar spots where mooivgame had 
alighted. Availii^ himself of the slightest difference of tint 
in tito adjacent heaths, he endeavors to keep his e^e eteadilv 
upon it as he advances ; but whenever the contrast of illumi« 
nation is ibeble, he almost always loses si^t of his mark, or 
if the retina does take it up a seoond time, it is only to lose it 
again.*^ 

(172.) 6. On the duration of impreaskms of Ught on the 
retina, — ^Every person must have observed that the e^ct of 
light upon the eye continues fer some time. During the 
twinkling of the eye, or the rapid dosing of the eyelids for 
the purpose of diffusing the lulH*icating fiuidover the cornea, 
we never lose sight of the objects we are viewing. In like 
manner, when we whirl a burning stick with a rapid motion^ 
its buraing extremity will produce a complete circle of l^ht. 
■ ^ ■ ■ ■■■■■■ I 

• 8m tbe XAntafV* JMimal 4f SetauM. No. VI. p. 988. 
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although that extremity can onlfy be in one part of the circle 
at the aame instant 

The xBOBt instructive experiment, however, op this subject 
and one which it requires a good deal of practice to make 
well, is to look fi>r a short time at the window at the end of a 
long apartment, and then quickly direct the eye to the dark 
wall. In general, the ordinarv observer will see a picture of 
Che window, in which the dark bars are white and the white 
panes dark; but the practised observer, who makes the observ- 
ation with great promptness, will see an accurate representa- 
tion of the window with dark bars and bright panes; but this 
representation is instantly succeeded by 3ie complementary 
mcture, in which the bars are bright and the panes dark. M. 
b'Arcy found that the light of a uve coal, moving at the dis^ . 
tance of 165 feet, maintained its impression on the retina 
during the seventh part of a second.* 

(ITB.) 7. On the cau$e of single vision tuitk iyoo eyes.-^ 
Although an image of every visible object is formed on the 
setina of each eye, yet when the two eyes are capable, of di- 
i^acting their axes to any given object, it always appears single. 
There is no doubt that, in one sense, we really see two objects^ 
hat these objects appear as one, in consequence of the one oc- 
cupying exactly the same place as the other. Single vision 
with two eyes, or with any number of eyes, if we had them» 
is the necessary consequence of the law of visible direction. 
By the action of the external muscles of the eyeballs^ the 
fxes of each eye can be directed to any point of apace at a 
j^eater distance than 4 or 6 inches. If we look, for example, 
^ an aperture in a window-shutter, we know that an image 
of it is formed in each eye ; but, as the line of visible direc- 
tion from any point in the one image meets the line of visible 
direction from the same point in the other image, each point 
will be seen as one powt, and, conse^^uently, tne whole aper-. 
ture seen by one eye wiU coincide with or cover the whole 
aperture seen l^ the other. If the axes of both eyes are di- 
Tacted to a point beyond the window, or to. a point within the 
room, the aperture will then appear double, because the lineif. 
of visible du^clion from the same points in each image do not 
meet at the aperture. If the muscles of either of tl^ eyes ia 
unable to direct the two axes of the eyes, to the same point, 
the object wUl in that case also appear double. This inability, 
of one eye to follow the motions of the other is frequently the 
cause of squinting, as the eye' which is, a&it were, left behind 
neQesaarily looks m a different direction from the other. Tb^. 

* For a. fiinber illuttration, aee Note VIII. of Am. cd. 
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siine eifect is often produced' hy the imperfect yieion of one 
eyef in oooseqaence of which the eood eye only is used 
Hence the imperfect eye will gradually lose the power of fi^ 
lowing the motions of the other, and will thererore look in a 
different directton. Hie disease of squinting may be ofken 
easily cured. 

(174.) S. On the aecomtnodotion of the eye to differeM 
dietancee, — ^When the eye sees objects distinctly at a grent 
distance, it is unable, wimout some change, to see objects di^ 
tinctly at any less distance. This will be readily seen by 
looking between the fingers at a distant object When the 
distant object is seen distinctly, the fingers will be seen indis- 
tinctly ; and, if we look at the fingers so as to see them dis- 
tinctly, the distant object will be quite indistinct The most 
distinguished philosophers have maintained different opinions 
respecting the method by which the eye adjusts itself to di^ 
ibrent distances. Some have ascribed it to the mere enlai^ge- 
ment and diminution of the pupil ; some to the elongation of 
the eye, by which the retina is removed from the crystalline 
lens; some to the motion of the crystalline lens; and others 
to a change in the convexity of the lens, on the sappositioa 
that it consists of muscular fibres. I have ascertained, by 
direct experiment, that a variation in the aperture of the pupil, 
produced artificially, is incapable of producing adjustmenti 
and as an eloncfation of the eye would alter the curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of place in the image, we consider thk 
hypc^esis as quite untenable. 

In order to discover the cause of the adjustment, I made a 
series of experiments, from which the following inferences may 
be drawn : — 

1st, The contraction of the pupil, which necessarily takes 

Slace when the eye is adjusted to near objects, does not pro- 
uce distinct vision by the dimmution of the aperture, but hj 
some other action which necessarily accompames it , 

2dly, That the eye adjusts itself to near objects by two 
actions; one of which is volwnJtary, depending wholly on the 
will, and the other involuntary^ dependmg on the stimulus of 
Bght fiJling on the retina. 

3dly, T&t when' the voluntary power of adjustment ftils^ 
the adjustment may still be e^cted by the involuntary stimu- 
lus of light 

Beasoning from these inferences, and other results of ex- 
periment, it seems difficult to. avoid the conclusion that the 
power of adjustment depmds on the mechanism which con- 
tracts and dilates the pupil; and as this adjustment is inde* 
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pendent of the v&riatiaD of its ap^nre, it mmt be efibeted by 
the parts in immediate contact with the base of the iris. By 
considering the various ways in which the mechanism at the 
base of the iris may produce the adjustment, it appears to be 
abnost certain that the lens is removed from the retina by the 
contracUon cf the pupiL"^ 

(175.) 9. On the cauteoflongngktedness and shortsight' 
edness. — Between the ages of S) and 50, the eyes of most 
persons beein to experience a remarkable change, on^hich 
generally snows itself in a difficulty of reading small type or 
Ill-printed books, particularly by candlelight This defect of 
sight, which is fiJlGd- longsightedTtess, because objects are 
seen best at a distance, arises from a change in the state of 
the crystalline lens, by which its density and refractive power, 
as well as its form, are altered. It frequently begins at th^ 
margin of the lens, and takes several months to go round it, 
and it is often accompanied with a partial separation of the 
laminsB and even of the fibres of the lens. " If the human 
eye,*' as I have elsewhere remarked, ** is not managed' with 
peculiar care at this period, the change in the condition of the 
lens oflen runs into cataract, or terminates in a derangement 
of fibres, which, though not indicated by white opacity, occa- 
sicms imperfections of vision that are often mistaken for 
amaurosis and other diseases. A skilful oculist, who thoroughly 
understands the structure of the eye, and all its optical func- 
tions, would have no difficulty, by means of nice experiments, 
in detecting the very portion of the lens where this change 
has taken place ; in determining the nature and magnitude of 
the chang^ which is going on ; in applying the proper reme- 
dies for stopping its progress; and in ascertaining whetlier it 
has advanced to such a state that aid can be obtained from 
convex or concave lenses. In such cases, lenses are often r^ 
sorted to before the crystalline lens has sufiered a uniform 
change of figure or of density, and the use of them cannot 
fiiil to aggravate the very evils which- they are intended to 
remedy. In diseases of the lens, where the separation of 
fibres IS confined to small spots, and is yet of such magnitude 
as to give separate colcMred images of a luminous object, or 
irregular halos of light, it is often necessary to limit the aper- 
ture of the spectacles, so as to allow the vision to be performed 
by the good part of the crystalline lens.** 

This defect cf the eye, when it is not accompanied with 
disease, may be completely remedied by a convex lens, which 

* For a fuller aceoant of thew experiments, see EdOnhurgh Joumml •/ 
SeitmUt No. I. |k 77. 
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makes up lor the flatnesB and diminirfied reliiietive -power <f 
the crystaUkie, and enaUes the eye to conveii^ the pencils 
flowing from near objects to distinct foci on the retina. 

Shortsightedness mows itself in an inability to see at a dis- 
tance ; aiM those who experience this defect brin^ minute ob- 
jects very near the eye in order to see them distinctly. The 
rays from remote objects are in this case convei^^cd to foci be- 
fore they reach the retina, and therefore the picture on the 
retiq^ is indistinct This -imperfectii» often appears in early 
life, and arises from an increase of density in the central parts 
of the crystalliae lena By using a suitaUe concave lens the 
convergency of the rays is delayed, so that a distinct image 
can be formed on the retina. 



CHAP. XXXVI. 

ON AOOIDBNTAL COLORS MMD OCKUttBD SHADOWS. 

(176.) When the eye has been strongly impressed with 
any particular species of colored light, and when in this state 
it looks at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye was impressed, 
but of a different color, which is said to be the accidental cdkr 
of the color with which the eye was impressed. If we place, 
for example, a bright red wafer upon a sheet of white paper, 
and fix the eye steadily upon a mark in the centre of it, thes 
if we turn the eye upon the white paper we shal> see a cir* 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of red^ wih 
gradually fade away. The bluish green image of the wafer is 
called an ocular spectrum, because it is impressed on the eye^ 
knd may be carried about with it for a short time. 

If we make the preceding experiment with diflferently ool- 
ox^d Wafers, we sbsill obtain ocular spectra whose colors vaij 
with the color of the wafer employed, as in the following table. 

Red. Bhiish green. 

Orange. Blue. 

Yellow. Indiffo. 

Green. Reddish yiolet 

Blue. Onnge red. 

Indigo. Orange yellow. 

Violet Yellow green 

"" • White 



While Black 
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If! order to find the accidental color of any color in the 8peo-> 
tram, take half the length of the spectrum in a pair of com- 
passes, and setting one foot in the color whose accidental color 
IS required, the other will fall upon the accidental color. 
Hence the law of accidental colors derived from observation 
may be thus stated : — ^The accidental color of any color in a 
prismatic spectrum, is that color which in the same spectrum 
18 distant from' the first color half the length of the spectrum ; 
or, if we arran^ all the colors of any prismatic spectrum iii 
a circle, in their due proportbns, the accidental color of any 
particular color will be the color exactly opposite that par- 
^ular color. JElence the two colors have been called opposite 
ecAoTS,- 

If the primitive color, or that which impresses the eye, is 
reduced to the same degree of intensity as the accidental 
color, we shall find that the one is the complement of the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
tram^ and when mixed together, make white light On this 
account accidental colors have been called complementary 
colors. 

With the aid of these facts, the theory of accidental colon 
will be readily understood. When the eye has been for some 
time fixed on the red wafer, the part of the retina occupied 
by the red iw&ge is strongly excited, or, as it were, deadened 
by its continued action. The sensibility to red light will 
, therefore be diminished ; and, consequently, when the eye is 
turned from the red vmfer to the white paper, the deadened 
porticm of the retina will be insensible to the red rays which 
form part of the white light from the paper, and consequently 
will see the paper of that color which arises from all the rays 
in the white light of the paper but the red ; that is, of a bltasl^ 
green color, which is therefore the true complementary color 
of the red. When a black wafer is placed on a white 
mund, the circular portion of the retina, on which the black 
image falls, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excit^ by the white^igbt of the paper, 
will be deadened by its continued action. Hence, when the 
eye is directed to the white paper, it will see a white circle 
oorrespondin? to the black image on the retina ; so that the 
accidental cdpr of black is white. For the same reason, if a 
white wafer is placed on a black ground, and viewed sted&stly 
for some time, the eye will afterwards see a black circular 
space ; so that the accidental color of white is black. 
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Soch are the phenomena of accidental oolcNn whien Weak 
light ia employed ; hut when Uie eye is impressed powerfully 
wi^ a hright white light, the phenomena have quite a different 
character. The first person who made this experiment with 
any care was Sir Isaac Newton, who sent an account of the' 
results to Mr. Locke, but they were not puUished till 1829.* 
Many years before 1691, Sir Isaac, having shut bis left eye, 
directed the right one to the image of the sun reflected from 
a looking-glasa In order to see the impressicxi which was 
made, he turned his eye to a dark comer of his roonif when 
he observed a bright spot made by the sun, encircled by rin^ 
of color& This '* phantom <^ light and colors,** as be calls it, 
gradually vanished ; but whenever he thought of it, it return- 
ed, and became as lively and vivid as at first He rasbly re- 
peated the experiment three times, and his eye was impressed 
to such a degree, " that whenever I looked upon the clouds^ 
or a book, or a bright object, I saw upon it a round bright 
spot of light like the sun ; and, which is still stranger, tboi^ 
I looked upon the sun with my right eye only, and not with 
my left, yet my fancy began to make an impression on my left 
eye as well as upon my right ; for if I shut my right eye, or 
looked upon a book or the clouds with my left eye, I could see 
the spectrum of the sun almost as pUdn as with my right eye.** 
The effect of this experiment was such, that Sir Isaac durst 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber for three days together, and by 
keeping in the dark, and employing his mind about other 
things, he began, in about three or mur days, to recover the , 
use of his eyes. In these experiments, Sur Isaac*s attentioo 
was more taken up with the metaphysical than with the op- 
tical results of them, so that he has not described either the 
colors which he saw, or the changes which they underwent 

Experiments of a similar kind were made by M. iEpinua. 
When the sun was near the horizon, he fixed his eye steadily 
on the solar disc for 15 seconds. Upon shutting his eye he 
saw an irregular pale sulphur yellow image of the sun, encir- 
cled with a faint red border. As soon as he opened his eye 
upon a white ground, the image of the sun was a brownish 
red^ and its surrounding border sky blue. With his eye again 
shut, the image of the sun became green with a red border* 
different from the last Turning his eye again upon a white 
ground, the 8un*s image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, with the 

* lo Lord King's Life of Lnclu. 
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border growing a finer red ; and when the eye was open, the 
Bpectrum became a finer red, and its border a finer blue. M. 
JQpinus noticed, that when his eye was fixed upon the white 
ground, the image of the sun frequently disappeared, returned, 
•nd disappeared again. 

About the year 1808, 1 was led to repeat the preceding ex- 
periments of ^pinus; but, instead of looking at the sun 
when of a dingy color, I took advantage of a fine 8ummer*s 
4ay, when the sun was near the meridian, and I formed upon 
a white ground a brilliant image of his disc by the concave 
speculum of a reflecting telescope. Tying up my right eye, 
•I viewed this luminous disc with my lefl eye through a tube, 
«nd when the retina was highly excited, I turned my left eye 
'|o a white ground, and observed the following spectra by al- 
leniately opening and shutting it: — 



apMtim with tell eye o|«ii. 


%^eetn with left ejK skub 


1. Fink surrounded with green. 


Green. 


S. Orange mixed with pink. 


Blue. 


3. Yeilowish brown. 


BInifih pink. 


4. Yellow. 




5. Fare red. 


Sky blue • 


6. Orange. 


Indigo. 



Upon uncoYering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
iwas pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
' Uiree times, and always with the same result; so that it would 
.appear that the impression of the solar image was conveyed 
jby the optic nerve from the left to the right eye. Sir Isaac 
|*!iewton supposed that it was his fancy uiat transferred the 
Jkna^ from his lefl to his right eye ; but we are disposed to 
think that in his experiment no transference took place, b&> 
cause the spectrum which he saw with both eyes was the 
aame, whereas in my experiment it was the reverte one. We 
cannot however speak decidedly on this point, as Sir Isaac 
did not observe that the spectra with the eye shut were the 
reverse of thos^ seen with the eye open. If a spectrum is 
Strongly formed on one eye, it is a very difiicult matter to de* 
termine on which eye it is formed, and it would be impossiUe 
to do this if the spectrum was the same when the eye waa 
ppen and shut 

The phenomena of accidental colors are often finely seen * 
.when the eye hfis not been strongly impressed with aov par- 
ticular colored object It was long ago observed by M. Meat* 

W2 
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nier, that whea the sun Bhooe throagh a hole a quarter of aa 
inch in diameter in a red curtain, the image of the luminous 
•pot w93-green. In like manneri every person must have ob- 
served in a brightly painted room, illuminated by the sun, that 
the parts of any white object on which the colored light does 
not &11, exhibit the complementary colors. In order to see 
this class of phenomena, I hf^ve found the following method 
the simplest and the b^ Having lighted two candles, hold 
before one of them a piece of colored glass, suppose bright red, 
and remove the other candle to such a distance that the two 
shadows of any body formed upon a piece of white paper mar 
be equally dark. In this case one of the shadows will be rei, 
and the other greetL With blue glass, pne of them will be 
blue^ and the other orange yellow ; the one beuig iavariably 
the accidental color of the other. The very same efiect majr 
be produced in daylight by two holes in a window-shutter ; tiie 
one being covered with a colored glass, and the other tcan^ 
mitting the white light of the sl^. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or surface of colored 
glass sufficiently thin to throw back its color from the second 
surface. In this case the reflected ima^e will always have 
the complementary color of the glass. The same el^t may 
be seen in looicingat the image of a candle reflected from the 
water in a blue finger-glass ; the image of the candle is yel 
lowii^ : but ^e oTOct is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of the 
glass. 

These phenomena are obviouBiy difierent from those which 
are produced by colored wafers ; because in the present case 
the accideq^ color is seen by a portion of the retina which 
is not affected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is tiierefbre requisite, to 
embrace this class of facts. 

As in acoustics, where every fundamental soimd is actually 
accompanied with its harmonic sound, so in the impressions of 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic color.'*' When we look 
at the red wafer, we are at the same time, with the same por- 
tion of the retina, seeing green ; but being much fair ''er, it 
seems only to dilute the red^ and make it, as it were, whiter, 
by the combination of the two sensationa When the eye 
looks from the wafer to the white paper, the permanent sen- 



- * The term hnrwumit bw bm^n applied lo accidental colon ; became tha 
primitive and its aMideotal color liarjnoaiae with each vtter is p^yntJig. 
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eation of the accidental color remains, and we see a green 
image. The duration of the primitive impression is only a 
fraction of a second, as we have already shown ; but the durar 
tion of the harmonic impression continues for a time propoi^ 
tional to the strength of the impression. In order to apply 
these views to the second class of facts, we must have re<- 
course to another principle ; namely, that when the whole on 
a great part of the retina has the sensation of any primitive 
color, a portion of the retina protected from the impression of 
the color is actually thrown into that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portioiis, the influence oi^ 
the direct or primitive color is not propagated to parts free 
from its action, excepting in the particular case of oblique 
vision formerly mentioned. When the eye, therefore, looks 
at the white spot of solar light seen in the middle of the red 
'light of the curtain, the whole of the retina, except the por-^ 
tion occupied by the image of the white spot, is in ihe state 
of seeing every thing green; and as the Vibrations which 
coo^tute this state spread over the portions of the retina 
upon which no red light falls, it will, or course, see the white 
cu*colar spot green. 

(177.) A very remarkable phenomenon of accidental colors. 
in which the eye is not excited by any primitive color, was 
observed by Mr. Smith, surgeon in Fochabers. If we hold a 
narrow strip of white paper vertically, about a foot firom the 
eye, and fix both eyes upon an object at some distance beyond 
it, then if we allow the light of the sun, Or the light of a can- 
dle, to act strongly upon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright grmn color, and 
the right hand strip of a red color. If the strip of paper is 
sufficiently broad to make the two images overlap «ach other, 
the overlapping parts will be perfectly white, and free from 
color ; which proves that the red and green are complementary. 
When equally luminous candles are held near each eye, the 
iWo strips of paper will be white. If when the candle is held 
near the right eye, and the strips of paper are seen red and 
greeny then on Ringing the candle suddenly to the left eye,, 
the left hand image of the paper will gradually change to 
green, and the right hand image to red, 

(178.) A singular affection of the retina, in reference to 
colors, is shown in the inability of some eyes to distinguish 
certain colors of the spectrum. The persons who experience 
this defect have their eyes generallv in a sound state, and are 
capable of performing ail the most delicate fimctioiup of visioo. 
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Mr. Harris, a shoemaker at Allonby, was unable from his in- 
fency to distinguish the cherries of a cherry-tree from its 
leaves, in so far as color was concerned. Two of his brothers 
were equally defective in this respect, and always mistook 
orange for grass green^ and light green for yellow. Harris 
himself could only distinguish blacK and white. Mr. Scott, 
who describes his own case in the Philosophical Transactions, 
mistook pink for a pale blucj and a full red for a full ^reen. 

All kinds of yellows and blues, except sky blue, he could 
discern with great nicety. His father, his maternal uncle, 
one of his sisters, and her two sons, had all the same defect 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only ofyeU 
low and light blue ; and he could distinguish with certainty 
only yellow, white, and green. He regarded indigo and Prus- 
sian blue as black. 

Mr. R. Tucker describes the colors of the spectrum as fol- 
lows : — 



Blue sometimes Pink. 
Indiga - - - J*urplel 
Violet ... Purple. 



Red mistaken for Brown. 

Orange .... Green. 

Yellow sometimes Orange. 

Green .... Orange. 

A gentleman in the prime of life, whose case I had occasion 
to examine, saw (mly two colors in the spectrum, viz. yellow 
«sd blue. When the middle of the red spt»ce was absorbed 

S' a blue ghtaa, he saw the black space, with what he called 
e yellow, on each side of it This defect in the perception 
ei cobr was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difierence in the color c^the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solaf spectrum the red is scarcely visible, the rest of it 
Appearing to consist of two coloi;s. Mr. Trougfaton has the 
same defect, and is capable of fully appreciating only hlue and 
yellow colors ; and when he names colors, the names of blue 
ftnd yellow correspond to the more and less refrangible rays^ 
ttU those which belong to the former exciting the sensation of 
l>]ueiKss, and those which belong to the latter the sensation of 
yellowness. 

In almost all these cases, the diff^ent prismatic colors have 
jtiie power of exciting the sensation of light, and ^ving a dis- 
lioGt vision of objects, excepting in the case of jM[r. Dalton^ 
who is said to be scarcely able to see the red extremity of the 
i|wctrum. 

Mr. DakoQ bus endeavored to explain this peculiarity of 



CHAP.XXXVn. PLANE Ain> CUSVBD XISSOKS. 361 

visioa by aappdsing' tbftt in his own caae the vitreous hnvaor ia 
blue, and, therefore, absorbs a great portion of the red rays 
and other least refrangible rays ; but this opinion is, we thixik, 
not well founded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered incapable 
of appreciating exactly those differences between rays on 
whack their color depends.* 



PART IV. 



ON OPTICAL INSTRUMENTS. 

All the optical instruments now in use have, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
hy modem philosophers and opticians. The principles upon 
which most of them have boon constructed have already been 
exfdained, in the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
their construction and properties. 

CHAP. XXXVIL 

ON PLAlfB ASD CORVKD MIEROUL 

(179.) Onb of the simplest optical instruments is the nngU 
fiane mirror, or looking-glass, which consists of a plate of 
glass with parallel sur&ces, one of which is covered with tin- 
fottand quicksilver. The glass performs no other part in this 
kind of plane mirror than that of holding and giving a polished 
surface to the thin bright film of metal which is extended over 
it If the surfiices of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
seen obliquely ; but even when the surfaces are parallel, two 
iuMseB of an object are formed, one reflected from the first 
surtace of glass, and the other from the posterior surface of 
metal ; and the distance of these images will increase with 
the Uiickness of the glass. The image reflected from the 
glan is, however, very faint compared with the other; so that 
Kir ordinary purposes a pkme glass mirror is sufficiently a<^ 
curate ; but when a plane mirror forms a part of an optical 

* For the theory receDtly advanced by Sir David Bnwiter to azpiaia 
tlMfle caaaa, lee Note DC. of Am. ed. 
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instrument where accuracy of vision is required, it must be. 
made of steel, or silver, or of a mixture of copper and tin ; 
and in this case it is called a spectdum. The formation of 
images by mirrors and specula has been fully described in 
Chap. n. 

Kaleidoscope. 

(180.) When two pl&ne mirrors are combined in a particu- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kaleidoscope, or instrument fi)r creating and exhibiting 
beautiful mrma. If A C, B C, for example, be sections of two 
plane mirrors, and M N an object placed between them or in 
Fi£. 143. front of each, the mirror A C will form 

# behind it an image m n of the object M N, 
in the manner shown in Jig-. 16. In like 
manner, the mirror B C will form an 
image M' N' behind it But, as we have 
formerly shown, these images may be con*. 
sidered as new objects, and therefore the 
mirror A C will form behind it an image, 
M" N", of the object or image M' N', and 
B C will form behind it an image, m' n', of the object or image 
tp fi. In .like manner it will be found that m" n" will be the 
image of the object or image M" N", formed by B C, and of 
the obiect or image m' »', formed by AC. Heope m" n" will 
actually consbt of two images overlapping each other and 
forming one, provided the angle A C B is exactly 60^, or the 
sixth part of a circumference of 960^. In this case all the 
six images (two of the six forming only one, m"7t'*,) will, 
along with the origrinal object, M N, form a perfect equilateral 
triangle. The object, M N, is drawn perpendicalar to the 
mirror B C, in consequence of which M N and M' N' form - 
one straight line; but if M N is moved, all the images will 
move, and the figure of all the images combined will form 
amother figure of perfect regularity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to the multiplication and ar- 
rangement of the images, this is the principle of the kaleido- 
scope; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood from^^. 144., where A C £ 
and B C E represent the two mirrors inclined at an angle 
A C B, and bavin? C £ for their line of junction, or commoa 
intersection. If the object is placed at a distance, as at M N, 
then there is no position of the eye at or above £ which wil3 
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give a flgrimnetrioal arcangenieDt of the six itangee riiowii » 
fig. 143. ; fin* the correspandiog parte of the one will never 




join the corresponding parts of the other. As the objedt is 
brought nearer and nearer, the Bymmetry increases^ and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is placed as near as possible to E, the line 
of junction of the reflectors. The following, therefore, are the 
three conditions of symmetry in the kaleidoscope : — 

1. That the reflectors sliould be placed at an angle which 
18 an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors; or an even aliquot part of a circle, when the object is 
irregular. 

2, That out of an infinite number of positions for the obfe^U 
both within and without the reflectors, there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 
placing the object in contact with the ends of the reflectors, or 
between them. 

d. That out of an infinite number of positions for the gitua- 
lion of the eye, there is only one where the symmetry is per- 
fect, namely, as near as possible to the angular point, so that 
the whole of the circular field can be distinctly seen ; and this 
point is the only one at which the uniformity of Uie reflected 
light is greatest 

In order to give variety to the figures formed by the instru- 
ment, the objects, consisting of pieces of colored glass, twisted 
glass of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of ^lass, leaving them just room 
to move about, while this cell is turned round by the hand. 
The pictures thus presented to the eye are beyond all descrip-' 
tion splendid and beautiful ; an endless variety of symmetrical 
combinations presenting themselves to view, and never again 
recurring with the same form and color. 

For the purpose of extending the power of the instrument, 
and introductng into symmetrical pictures external object^ 



/ 



M4 A tHKAtUS Olf OPnCS* PABT !▼ 

w Uether animate or imaiimte, I applied a oonTez lens; I. L, 
Jim, 144, by meaiu of which an inverted ima^ of a dbtant 
object, M N, may be formed, at the very extremity of the mir- 
lon, and therefore brought into a position of greater sym- 
metry than can be effected in any other way. In this coiuctnic- 
tion the lens is placed in one tube and the reflectors in an- 
o^er ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
jHCtures, busts, may be introduced into symmetrical combina- 
tions. When the distance E B is less than that at which the 
•ye sees objects distinctly, it is necessary to place a convex 
lens at £, to give distinct vision of the objects in the picture. 
See my Treatise on the Kaleidoscope, 

Plane burning Mirrors 

(181.) A combination of plane burbin? mirrors forms a pow* 
erful burning instrument ; and it is highly probable that it was 
with such a combination that Archimedes destroyed the shipi 
of Marcellua Athanasius Kircher, who first proved the effi- 
cacy of a union of plane mirrors, went with his pupil Scheiner 
to Syracuse, to examine the position of the hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirty paces distant from Archimedes 

BuSbn constructed a burning apparatus upon this principle, 
which may be easily explained. If we reflect the light of the 
sun upon one cheek by a small piece of plane looking-glass, 
we shall experience a sensation of heat less than if the direct 
light of the sun fell upon it If with the other hand we re- 
flect the sun*s light upon the same cheek with another piece 
of mirror, the warmth will be increased, and s6 on, till with 
five or six pieces we can no loi^r endure the heat Bufbn 
combined 168 pieces of mirror, o inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one spot Those pieces of 
glass were selected which gave the smallest image of the sun 
at 250 feet 

The followinor were the efl^cts produced by different num- 
bers of these mirrors : — 

Small combustibles inflamed. 
Beech plank bamed. 
Tarred beech plapk inflamed. 
Pewter flask olh. weigbt melted. 
Tarred and fulphnrea plank wt on fire. 



He. at 
Mirram 


DtHtaiinor 


12 


20 feet 


21 


20 


40 


66 


45 


20 


98 


126 
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lid 138 Plank covered with wool get <m fire. 

117 20 Some thin pieces of silver melted. 

1)28 150 Tarred fir plank set on fire. 

148 150 Beech plank sulphured inflamed violently. 

l54 150 Tarred plank smoked violentlj. 

154 250 i Chips of fir deal sulphured and mixed mtii 

( charcoal set on fire. 

934 40 Plates of sUver mdted. 

!^s it is djiffi(Milt to adjust the mirrors while the sun changes 
his place, M, Peyrard proposes to produce great effects by 
mounting each mirror in a separate frame, carrying a tele- 
scope, by means of which one person can direct the reflected 
rays to the qhject which is to be burped. He conceives that 
with 590 glasses, about 20 inches in diameter, he could reduce 
a fleet U> asjbes at the distance of a quarter of a league, ^d 
with glasses of double that size at the distance of half i 
league. ' .: 

Plane glass mirrors have been combined permanently into i^ 
parabolic form, fiir the purpose, of bu^ng objects placed in 
the ibcus of the parabola, Iq^ the sun*s rays; and the same 
combination has been used, and is still in uae, for lig^bouse 
reflectors, the light being placed in the fecud of the p&mboliL 

Convex tmd Concave Mirrors, 

(182.) The general properties of convex and doneave mir- 
Tors have been already described in Chap. H. Convi^ mirfcrtto 
axe used principally as household ornaments, and are charac- 
terized by their property of |brming erect and diminished 
images of all objects placed be|^e them, and these images ap- 
pear to be situated behind the mirror. 

Concave mirrors are distinguished by their property of 
forming in front of them, and ip the air, inverted images of 
erect objects, or erect images of inverted objects, placed at 
some distance beyond their principal focus. If a fine trans- 
parent cloud of 0ue smoke is raised, by means of a chafing- 
dish, around the focus of a large concare minpr,the ima^e of 
any highly illuminated object will be depicted, in the middle 
of it, with gveat beauty. A skull concealed from the observer 
is sometimes used, to surprise the ignorant; and when a dish 
of fruit has been depipted in a similar manner, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn dagger, which has been quickijr substituted. for t& fruit 
at the other conjugate focus of the mirror 
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Concsva mimn have been med u li^fatbooBe refleclon^ 



«nd u borauie inatnimeDta. When used in liefatbouses, tbef 
ue Ibnned of pistes of copper plated with silver, and thev 
ue homcaered into a parabolic form, and then polished with 
the hand. A lamp placed iD the focus of the parabola Will 
have its diver^Dt light throno, after reflexioii, into something 
like a puallel beam, which will retain its intensity at a great 
distance. 

Wlien concave mirron ue used &r borning, ther are ga»- 
nlly made apherical, and Tegularlj ground uid polished upon 
a tool, like the specuta used in telescopes. The most cela- 
bnted of these were made by M. Villele, of Lyona^ who exe- 
cuted five large ones. One of the beat of them, which caa- 
mtttd i^comei and tin, was verjr neaily fbur fbet in diameter, 
•nd its focal length diirty-ei^ht mches. tt melted a piece of 
Pompey'i pillar in fifty seconds, a silrer sixpence m eevoi 
■atibnda and a half! a hal^tenny in sixteen aeetniclB, caat-ircHi 
in BXtem seconds, slate in three seccods, and thin tile in ibur 
•ecooduL 

(^tniricBl JIftrror* 
(IBSl) All otijects seen by reflexion in a cylindrical mirror 
axe neceMarily distnted. If an observer looks into such a 
mimr with its axis standing vertically, he will see Uie iman 
of his head of the same length as the original, because the 
Mrface <£ the mirror ti a straigfit line in a vertical directian. 
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dmctiaa^ and in intamediate direetionB the hod will haw 
iatermadiate breadths. If the axis of the minor is held horl> 
BODtally, the face will be as broad as life, and exceedinc^ 
abort If a picture or portrait M N is laid down horizontuly 
before the mim>r A B^Jig. 145., the reflected image oi it wiu 
be hiffhly distorted ; but the picture may be drawn distorted 
aocoraing to regular laws, so that its image shall have the 
most correct proportions^ 

Cylindrical mirrors, which are now very uncommon, used 
to be made fi>r this purpose, and were accompanied with a 
aeries of distorted figures, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin- 
drical mirror, the reflected image of them has the most peN 
feet proportions. This effect is shown in Jig, 145., where 
M N IS a distorted figure, whose image in the mimyr A B hai 
the appearance of a regijJar portrait 



CHAP, xxxvra. 

<Mf MMXKOM JOtD OOMPOUIID' LBM8B 

BraarASJum and readmg glasses are among the simplest and 
roost useful of optical instruments. In order to enable a pa^ 
son who has imperfect vision to see small objects distinctly^ 
when they are not far from the eye, such as sinall manuscript 
or small type, a convex lens of very short focus must be nsod 
boUi by those who are long and short sighted. 

When a shortrsighted person, who cannot see well at a dj» 
tance, wishes to have distinct vision at any particular distane% 
he must use a concave lens, whose focal length will be found 
thus, — Multiply the distance at which he sees objects most 
distinctly by the distsnce at which he wishes to see them dif» 
tincUy with a concave lens, and divide this product by the 
difierence of the above distances. 

A long-sighted person, who cannot see near objects distinctly; 
must use a convex lene^ whose focal length is found by the 
preceding rule. 

In choosing spectacles, however, the best way is to eelect^ 
out of a nunuier, those which are found to answer best the 
purposes for which thev ere particularly intended. 

Dr. Wollaston introduced a new kind of spectacles, called 
periicopiCf fixmi their property of giving a wider field of di^ 
tinct vision than the common ones. The lenses used for thie 
purpose^ as ehown at H and I, jSJg. 19., are meniscosei, in 



Aiid oonca^o-convex lenses, in wkieh the iciMicavity predoaai- 
Hates, ^r slx)rt-sighted persons; Periscopic spectacles de- 
cidedly give more imperrect vision thad oommon ^Jeetaciea^ 
because diey mcrease both the aberration c^ figure and of 
color; but they may be of use in a crowded city, in warning 
MS of the oblique approach of objects. 

Burning and lUumifUiting Lenseg^ 

(184) Convex lenses possess peculiar advantages for con 
^cekitratuig the sun's rays, and for conveying to aa iimn^ise 
distance a condensed and parallel beam of light M^ Buifia 
UkumI that a convex lens, with a long fecal lej^^ was prefeit- 
tiA^ to one <€ a short local length fat ivemg metaJs by the 
concentration of the sun's rays. A lens, iw esam^e, 3S 
inches in diameter and 6 inches in fecal length, with the di- 
ameter of its fecus 8 lines, melted copper in less than a 
minute ; while a small lens 32 lines in diameter, with a focal 
length of 6 lines, and its fecus f of a line, was scarcely capo>- 
Ue of heating copper. ' 

The most perfect bumiog lens ev^ coostmcted was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 700L 
it 'Wltii made jof flint glass, was three feet in S&meter, and 
mtA^i^A 212 pounds. It was 81 iiiches thick at the centre ; 
lh^%cal distance was 6 feet 8 inches, and the diametel- of the 
jffiia^e of the sun In its fecus one inch. The rays refhurfced 
Inr &e lens were teceived on a siecond lens, in wiiose fecns'the 
objects to be fused were placed. This second lens had an ex- 
posed diameiet of 18 inches; its central thickness was 1| of 
m inch ; thie tebgth of itis fecus wab 39 i£(ches. l^e d^iiKreter 
bf tile focal image was J of an inch. Its weight iNras 23 
tts^dfi. The eoimbined focal ^ngth of the two lenses ^as 5 
mt 9 inthes^ and the diameteir m^^ feietA image 4 an inch. 
9f meand of this powerful burning tens, pf^ihluta, gold, sHver, 
copper, tin, quartz, agate, jasper, flint, topdz, ^ahiet, asbestos, 
Ado. wisre. melted to a i^w seconds. 

*- VtioHond oamses have prevented philosophers fbom construcfc- 
ing burning lenses of greater magnitude than that made by 
Jf)-. Parker. The impossibility of procuring pure flint glass 
tBterftlily f):ee'titim veins and impurities fbr a large solid lens ; 
the trouble and expense of casting it into a lenticular^ fbrm 
without flaws and impurities ; the great increa^fe of central 
tyckness which becomes necessary by increasing the diameter 
of the iehs ; the enormous obstruction that is thus ep^yosed to 
the tnoBmiisian of the sdar rays, and thd increased aber- 
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ntioii iriiieh duripetM the rays at the focal point, are insopeiv 
able obatacles to the ooratruction of solid lenses of any con- 
•ideFable size. 

(Ids.) In ofder to imjnove a solid lens formed of one piece 

of glass, whose section ih A mp B E D A^ Bufibn proposed to 

cat oat all the glass left white in the figure, viz. tne portions 

between m p,Jig. 146., and n o, and between n o and the Idl 

9ig. 146. ^^^ surface of D £. A lens thas constructed woald 

\ ' he incomparably superior to the solid one A mp B E 

'^ D A ; but such a process we conceive to be imprao* 

^Q ticable on a large scale, from the extreme difficulty 

i of polishing the surfaces Aid, Bp, Cn, Fo, and 

1^ the left hand sur&ce of D £>; and even if it were 

practicable, the greatest imperfections in the glass 

mieht happen to occur in the parts which are left. 

In c^er to remove these imperfections, and to 
construct lenses of any size, I proposed, in 1811, to 
build them up of separate zones' or rings, oich of 
which rin^ was agam to be composed of separate 
■egmenti^ as shown m the front view of the lens in fi^, 147. 
This lens is composed of one central lens, A B C D, oorre- 
spondmg with its sectbn D E in Jig, 146., of a middle ring 

G E L I corresponding to C D £ F in 
Jig. 146., and consistmg of Jive sejr- 
ments;.and another ring;P^PRT» 
correspondmg to A C FI^ &nd con- 
sisting of eight segments. 

The preceding construction obvi* 
ously puts it in our power to executs 
these compound lenses, to which I 
have given the name of polyzonal 
lerues^ of pure flint glass free from 
veins ; but it poaeesses another mat 
advantage, namely, that of enabling 
US to correct, very nearly, the spherical aberration, by making 
the foci of each zone comcide. 

One of these lenses was constructed, under my direction, 
for the Commissioners of Northern Lighthouses, by Messrs. 
W. and P. Gilbert It was made of pure flint glass, was 
three feet in diameter, and consisted of many zones and seg- 
ments. Lenses of this kind have been made in France ot 
crown glass, and have been introduced into the principal 
French lighthouses; a purpose to which they are infinitely 
better adapted than the best constructed parabolic reflectora 
made of metaL 
'A polyzonal lens of at least four feet in diameter win be 
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yedily awcafeed t» a bomiiig^kflib ani wiU, BodQn1]ft, be 
toe most powerful ever made. The meaiu of eaecatiiif: it 
have been, to a considerable degree, supplied by the eeientific 
liberality of Mr. Swinton and m. Cidder, aod oilier gentLemen 
of Calcutta. 



CHAP. XXXIX. 

OH aiMFLB AND OOMPOVHD FBmOi. 

Prifmatic Lenses. 

(186.) Thb general properties of the prism in refiacting 
and decomposing lig[ht have already been explained ; but its 
application as an optical instrument, or as an important port of 
optical instruments, remains to be described. 

A rectangular prism, ABC, Jig, 148., was first applied by 
Sir Isaac Newton as a j^lane mirror for reflecting to a aide thue 
fays which form the miage in reflecting telesoopes. The 




angles, B A C, B C A, being each 45^, and B a right ang^Ie^ 
rays fiiUing on the fiice A B will be reflected by the back but- 
face B C as if it were a plane metallic mirror ; for whatever 
be the refraction which they su^r at their entrance into the 
f^te A B, thev will suffer an equal and opposite one at the 
&ce B C. The great value of such a mirror is, that as tlie 
incident rays &11 upon A C at an angle greater than that at 
which total reflexion commences, they w3l aU suffer total re^ 
fieodon^ and not a ray will be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A portion of 
light, however, is lost by reflexion at the two surfaces A B^ 
B C, and k small portion by the absorption of the glass it8el£ 
Sir Isaac Newton also proposed the convex prism^ ahown mt 
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DEF, the fiices D F, F£ being groond coDvex. An aoa1»> 
sous prism, called the tneniscuM prism, luid shown at G H I, 
nas been used by M. Chevalier, of Paris, fi>r the camera 6th 
scura. It difiers only from Newton's in the second &ce, I H, 
being concave in place of convex. 

On account <^ the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two convex 
surfaces of which are ground at the same time. When a 
longer focus is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be ]^aced or cemented on 
its lower sur&ce, and if the concave lens is formed out of a 
substance of a difierent dispersive power, it may be made to 
correct the color of the convex lens. 

A single prism is used with peculiar advantage for inverting 
pencils of li^t, or for obtaining an erect ima^ from pencifi 
that would give an inverted one. This effect is shown in Jig, 
149., where A 6 C is a rectangular prism, and R R' R" a par- 
allel pencil of light, which, after bemg refracted at the poihta 




1, 2, d» of the ftoe A B, and reflected at the pinnts a, 6, c, of 
the base B C, will be again refracted at the points 1, 2, d» of 
the face A C, and move on in paralleHines, 3r", 2r*, Ir; the 
ray R I, that was oppermost, being now undermost, as at 1 r. 

Compound and Variable Prismg. 

(167.) The great difficulty of obtaining ghusB safficien^ 
pure for a prism of any size, has rendered it extremely difr 
cult to procure good ones; and they have therefore not been 
introduced as they would otherwise have been into optical in- 
struments. The principle upon which po^asonal lenses are 
constructed is equally applioUde to prisma A prism con- 
structed like A Dtjig. IdCK, if properly executed, woold have 
exactly the same properties as A B C, and would be incom- 
parably superior to it, fiom the light passing through such a 
small thickness of g^ass. U wouM obviooaly be difficult to exe- 
cute such a prism as ADoutof a single piece ol gbasb tbongh 
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; but there ia no difficul^ in comlrining 
it out oPone prianatic rod, and therefbre 




m I iiiii ily similar. The eunnnit t^ the rod abould have a 
flit narrow faca parallel to its base, which would be eaailf 
done if the priamatic rod were cut out of a plate of Iliick par- 
■tllel g\Mg. Tiic separate prisms being cemeotfid to one an- 
cibier, as in the fimire, will fbrai a cotnpouDd priBm, whicb 
will be superior to Uie common priEm for all purposes in wliicli 
it acta aoleljr by refraction. 

(IS8.] A compound priem of a diSerent kind, and havinff a 

Tknable angle, was propceed by Boscovich, aa ahown in ,^. 

151., where A B C ia a hemiopberical convex lena, maring in 

a concave lens, DEC, of the sanK curvature. Xty tanlii:^ 

Fig. ISI. 



one of th« lenaaa round upon tlie other, the iodinatioa oT (ha 
ftCM AB,D£,orAB,C£, mav be made to vary fiom 0° ta 
above 90°. 

(1S&.) Aa thia apparatus ia both troubleaome to execute and 
difficult to use, I have employed an entirely di^rent principle 
fix the coDStmction of a variable priam, and have used it to a 
great extent in numerous experiments on the diapereive pow- 
ers of bodiea If we produce a vertical line of light by nearly 
dosing the wiodow-shuttera, and view the line with a flint 
gliaa prism whose refracting angle i* 60°, the edge of the re- 
traeting angla being held verti<»J, or parallel to the line of 
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liffat^ the hurttno ai line will be seen as a brigiitly ookiMi 
spectrum, and any small portion of it Will resemble lumoet ex* 
mcUy the sokur epectraro. If we now turn the prism in the 
plane of one of its refiractiog feces, so that the inclination of 
the edge to the line of light increases gradually from (H' up to 
90^ whetf it is perpendicular to the line of light, the SDectmm 
will gradually grow less and leas colored, ejractly as ir it were 
formed by a prsm of a less and less refracting angle, till at an 
inclination of dO^ not a trace of color is left. By this simple 
process, therefore, namely, by usinff a line of light instead of 
a circular disc, we have produced oie very same efEsct as if 
the refneting angle of the prism had been varied from 90^ 
down to 0^. 

(190.) Let it BOW be required to determine the relative di£h 
persive poweis of flint glass and crown glass. Plav^e the 
orowQ ghw prism so as to produce the largest spectrum from 
the line of white light, and let the refracting angle of the 
prism be 40^. Then place the flint glass prism Mtween it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown eiass prism, or till the 
line of li^t is perfectly colorlesa The inclination of the 
edge of tSe flint glass prism to the line of light beinff known, 
we can easily find,by a siqyple formula the angle of a prism 
of flint f kss wlriefa corree t B the cdor of a prism df crown 
glass with a reflracting angle of 49^. See my TreatiMe on 
fiew Phtlo9ophicdl Instruments, p. 291. 

Multiplying Glass. 

(lAL) This lens is more amnsing than useful, and is intend- 
ed to give a munber of images of the same object Though 
it has this dMtiiar form of a lens, it is nothing more than a 
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BomlMr of jpriams fbtmed by grinding Tarioas flat ftces on liie 
toarex surmce of a pttnoconvez g:lM, as sbown in- J^. 152.. 
where A B is the section of a maltiplying glass in which onl^ 
three of the planes are seen. A curect image of the object 
C wiQ he seen throogh the face G H, by the eye at E ; an- 
other image will be seen at D, bf|r the refraction of the lace 
H B, and a third at F, by the refraction of the ftce A G, an 
image beinff seen throogh every jdane ftce that is cut upon 
the lens. The image at C wul be odiorlesa^ and all those 
formed by planes inclined to A B will be colored in proportioB 
to the anffles which the planes form Mrith A & 

Natunl multiplyinff glasses may be found amonff treuh 
parent minerals wnich are croeaed with veins oppositely cry»- 
taliixed, even though they are ffround into plates with parallel 
ftoes. In some soecimens of Iceland spar n^ore than a hun- 
dred finely colored images mav be seen at once. The theory 
of such multiplying g&saes has already been explained in 
Chap. XXIX. 



^ CHAP. XL. 

OM VBM cAinaA encrauk, MMao Lumuiy'An 

CAMKBA U3CSDJL, 

(108.) Ths oomem oftfctirs, or dark chambeTf is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptists Porta. In its original state it is nothing^ 
more than a dark room with an opening in the window-ehntter, 
in which is placed a convex lens of one -or more feet fiical 
length. If a sheet of white paper is held perpendicularlF be-. 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objecti seen 
from the window, in which the trees and clouds will appear €b 
move in the wind, and all living objects to dispfaiy the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astoDtiBhes and 
delights every person, however often they may have seen it. 
The image is of course inverted, but if we look over the top 
of the piBiper it will^ be seen as if it were erect The ground 
on which the picture is received should be hollow, and part ot 
a sphere whose radius is the focal distance of the convex lensL 
It IS customary, therefore, to make it of the whitest plaster ci 
Paris, with as smooth and accurate a surface as possible. 

In order to exhibit the picture to several spectaUm at onoe^ 
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mad to enable any peiaoii to oopv it, it iedenmble that the 
image should be formed npon a horizootal table. This inay 
be (kme by means of a metallic mirror, placed at an angle or 
45^ to the refracted rays, which will reflect the picture upon 
the white gnxmd lying horizontaUy ; or, as in the portable 
camera obscura, it may be reflected upwards by the mirror, 
«ad received on the lower aide of a plate of ground glass, with 
its rough side uppermost, upon which the picture may be 
copied with a fine sharp-pointed pencil 

A very convenient portable camera obscura for drawing 
landscapes or other objects is shown in Jig. 153., where A fi 
Is a meniscus len% wim its concave side uppermost, and the 
g^^ ig^ radius of its convex sur&ce being 

to the radius of its concave sur*. 

^--^$1^ ^® as 5 to 8, and C D a plane 

^|k metallic speculum inclined at an 

.^^'"^' j^lft P an^e of 45^ to the horizon, so as 

to reflect the landscape do wnwaida 
through the lens A B. The 
drau^tsman mtroduces his head 
throuffh an opemng in one side^ 
and his hand with the pencil 
through another opening, made in 
such a manner as to allow no light 
to fall upon the picture which is 
exhibited on the paper at £ F« 
The tube containing the mirror 
and lens can be turned round by a 
rod within, and the inclination of the mirror changed, so as to 
introdiioe objects in any part of the horizon. 

When the camera is intended for public exhibition, it om* 
eisCs of the same parts similarly arranged ; but they are in 
this case placed on tne top of a building, and the rotation of 
tiie minor, and its motion in a vertical plane, are efl^ded by 
turning two rods within the reach of the spectator, so that he 
can introduce any object into the picture from all points of tiie 
compass and at all di8tance& The picture is received on a 
taUe, whose sur&ce is made of stucco, and of the same radius 
as Uie lens, and this surface is made to rise and fall to accom* 
modate it to the change of focus produced by objects at dil^ 
ferent distances. A camera obscura which throws the image 
down upon a horaontal forftce may be made withont anr 
mirror, iff uainff any of the lenticular prisms D£ F, 6 H V' 
M LN, when the digects are extremely near, and P RQ, j|jr*: 
146. The convex suiftoes of these prisms ooaveige the rm 
winciiaxv reflected to their focos by the flat ftces D £, Q H, 
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£iN, wd PQ; titeae lenticiilsr prieawmay t>efbiTD«d hy co- 
iiieatm|> pjuio-eonvex or ctmcave lenses on the feces A B^ B C 
of the lectangulu' prisu A B C, or the cmvex lena may be 
[diced near to A B. 

If we wtdi to fima an erect image on a vertieal pluie, tba 
priem ABC, j(^. 148., niij be placed in fi-oat of tfao (xmvex 
lens, or inunedntaly behind it. The eanie el&ct mi^t be 
prodnced by thrae te&exioas froin three mirroiB or specula. 

1 have found that a peculiarly brilliaiit effect ia given to the 
images formed in the camera, obeenra when they are reoeived 
upon the silvered back of a loobing'-glass, soMothed by grind- 
ing it wilb a Sat and soft hone. In the poMable camera otr- 
aeiira I dnd that a film (^skimmed milk, dried uptm a plate o£ 
glaaa, is superior to ground glass for the reception of imager 

A modification of the camera obscuia, call^ the megascope, 
k intended for taking magnified drawings of small t^jecta 
placed near file lens. In this case, the distance of the imsige 
Wiind the lens is greater than the dielance of tba ob^t be- 
fore it. By altering the distance of the object, ih« size of the 
krmge may be reduced or enlaced. The hemispherical lena 
h MN,J^. 146., is particuliTly adapted ibr the megaacope. 

Magic Laatern. 
(103.} The magic lantern, an mventioh of Eircker, ia 
■bown m jt^. 154., where L is a lamp with a powerftil Argkiid 
bumer, placed in a darb lantern. Oaooe «de of the lantern 
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purpose of allowing sliders to be introduced thro!:^h the dit 
C D. These sliders cootain 4 or 5 pictures, e^b painted and 
highly colored with transparent varnishes, and, by sliding 
them through C D, any of the subjects may be introduced into 
the axis of the 'tube and between the two lenses A, R The 
light of the lamp L, increased by the light reflected from the 
mirror falling upon the lens A, is concentrated by it upon the 
picture in the slider ; and this picture, being in one of the 
conjugate feci of the lens B, an enlarged image of it will be 
painted on a white cloth, or on a screen of white paper, £, 
standing or suspended perpendicularly. The distance of the 
lens B from tlie object or the slider may be increased or dimin- 
ished by pulling out or pushing in the tube B, so that a distinct 
picture of the object may be formed of any size and at an^ 
distance from B, within moderate limits. If the screen £ F is 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the ima^e may be distinctly seen by a spec- 
tator on the other side of the screen. 

(194.) The pharUasmagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which'is fixed in view of the spectator. The magic 
lantern, mounted upon v^heels, is made to recede from or ap- 
proach to the screen ; the consequence of which is, that the 
picture on the screen expands to a gigantic size, or contracts 
into an invisible object or mere luminous spot The lens B is 
made to recede from the slider in C D when the lantern ap- 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in order that the picture upon the 
screen may always be distinct This may be accomplished, 
according to Dr. Young, by jointed rods or levers, connected 
with the screen, which pull out or push in the tube B ; but 
we are of opinion that the required effect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism connected with the wheels. 

Camera Lucida. 

(195.) This instrument, invented by Dr. Wollaston in 1807, 
lias come into veir general use for drawing landscapes, de- 
lineating objects of natural history, and ^pymg and reducing 
drawing& 

Dr. WoUaston's form of the instrument is shown in fig. 
155., where A B C D is a glass prism, the angle BAD bemg 
90^ ADC 67JO, and D C B 135°. The rays proceeding ftom 
uy fibject, M N, after be^ng reflected by the faces D C, C B 
.o the eye, E, plaeed above the angle B, theobserver will see 



■u imafe pin rf the object M N i» 
paper at m n. If the eye ia now la 

Fig.lSS. 




tagte B, 90 that it at the Mine time sees Into the prism with 
one-half of the pupil, and past the aogle B with the other balC 
it willobte.ii) distinct vidon of the ima^e mn, and also aeetiw 
paper and the point of the pencil. The drsug-htsman hta, 
therefore, only to trace the outline of the image upon the 
paper, the image being Been with half of the pupil, and the 
paper and pencil with the other half. 

Many persona have acquired the art of using this instcn- 
ment with great ikcitity, while others have entirely &i]ed. In 
eltamining the causes of this &ilure, profesior Amici, of Uo> 
dena, succeeded in removing them, and has proposed varioa* 
forms of the instrument free fiom the defects trf' Dr. Wollas- 
ton's.* The one which M. Amici thinks the beat is shown in 

Kg. ISO. 
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. 156., where A BC D is a piece of thick parallel glaaa, , 
<jr H C a metallic mirror, whose &ce, F 6, is highly polish- 
ed, and inclined 45^ to B C. Rays from an object, M N, after 
IWRsing through the fflass A B C D, are reflected from F G, 
and af&erwards from the &ce B C of the glass plate^ to the eye 
at £, by which the object, M N, is seen at m n, where the 
paper is placed The pencil and the paper are readily seen 
through the plane glass A B C D. In older to make the two 
faces of the glassy AD, B C, perfectly parallel, M. Amici 
forms a triangular priam of glass, and cuts it through the 
middle ; he then joins the two prisms or halves^ A D C, C A Bi 
so as to form a parallel plate, and by slightly tuning round 
the prisms, he can easily find the position in which the two 
fiusea are perfectly ppiraUeL 



CHAP. XLL 

ON MICROeOOPESL 

A MiOROSOOPE is an optical instrument for magnifying and 
examining minute objects. Jansen and Drebell are supposed 
to have sejparately mvented the single microscope, and Fon- 
tana and Galileo seem to have been the first who constructed 
the instrument in its compound form. 

Single Microscope. 

(106.) The angle microscope is nothing more than a lens 
or sphere of any transparent substance, in the focus of whidi 
minute objects are placed. The rays which issue firm each 
point of the object are refracted by the lens into parallel rays, 
which, entering the eye placed immediately behmd the l^is, 
afiS)rd distinct vision of the object The magnifying power 
of all such microscopes is eqiud to the distance at which we 
Gould examine the object most distinctly, divided by the focal 
len^rth of the lens or sphere. If this distance is 5 inches^, 
which it does not exceed in good eyes when they examine mi- 
nute objects, then the magnifying power of each lens will be 
as follows:-— « 
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The Unear niaffoifying' power is the number of times an 
object is magQified in tengtb, and the superfidai ma^ifying 
power is the number of times that it is magnified in sariaceL 
if the object is a small square, then a lens of oti^ inch fecoa 
wiU ma^ily the side of the squared times, and its Area or 
sarfoce 25 times. 

The best single microscopes are minute lenses ground and 
polished on a concave tool ; but as the perfect execution of 
these requires considerable skill, small spheres have been often 
constructed as substitutes. Dr. Hooke 6x:ecuted these spfaeretf 
in the following manner : having draMrn out* a thin strip of 
window-glass into threads hj the flame of a lamp^ he held one 
of these threads with its extremity in ot near the flame, till it 
ran into a globule. The globule was th^n cut off and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass.' lie sometimes ground off the end of the 
thread, and polished that part of the sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripolr, and remelting them 
with the blowpipe; the consequence of which was^ that they 
assumed a perfectly spherical form. Mr. Butterfleld executed 
similar spheres by taking upon the wetted point of a needle 
some finely pounded glass, and melting it by a spirit lamp into 
a globule. If the part next tlie neeme was not melted, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivright* of Me^getland, 
has made lenses by putting pieces of glass in small rcnmd 
ajpertures between the 10th and 20th of an inch, made in p\w 
tinum leaf They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert* 
ing drops of water in small apertures. I have made them in 
the same way with oils and varnishes ; but the finest of all 
single microscopes may be executed by forming minute plano- 
convex knses upon glass with diflerent fluida I have also 
formed excellent microscopes by using the sphencal crystal-' 
line lenses of minnows and other smcul fish, and taking care 
that the axis of the lens is the axis of vision, or that the ol>' 
server looks through the lens in the same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those vame of the gems, such as garnet, ruby 

fSa^ Edinburgh Journal ^f SUence^ No. III. p. 98. 
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tepphire, and diamond. Tbe advanlBges of euch lenwi I fiitt 
pomted out in my 'Treatite on Fhi^iophical Inttrvmtntt ; 
and two lenses, one of rub; and anodier of garnet, were exe- 
cuted for me by Mr. Peter Hill, optician in Edinburgh. These 
] eases performed admirably, in coosequence of their producing, 
with Bur&cea of ioforior curvature, the game magnifying 
power as a glass lens ; and (he distinctnees of the imsge waa 
iDcreased by (heir absorbing the extreme blue rays <rf* tho 
q>ectriun. Mr. Piitcbard, <j* London, has carried this branch 
c€ the art to the higbeat perfection, and haa executed lensei 
of sapphire and diamona of great power and perfection of ' 
worknunehip. 

When the diamond can be procured perfbctly booiagEneoua 
and free frotn double refraction, it may be wrcwght into a lena 
of the highest excelleDce ; but the sapphire, which has double 
refraction, is less fitted for this purpose. Garnet is decidedly 
the best material tor nngle lenses, as it has no double refhc- 
tion, and may he procured, with a little attention, perfectly 
pure and hoinogeneous. I have now in my poasessitm two 
garnet microscopes, executed by Mr. Adie, which Tax surpass 
eveiT aolid lens i liave seen. Their focal length ia between 
tbe 90th and the 50th of an inch. Mr. Veilch, of Incbbonny, 
baa likewise executed some admirable garnet lenses out of a 
Greenland ^ecimen of that mineral given to me by Sir Charles 
Giesecke. 

(lOT.) A single microscope, which occurred to me tome 
years ago, is shown in fig. 157., and consists in a new method 
of \uiag a hemuji/iericS Jena so o* to obtain from it twic* 



the magnifying vowtr uAicA it pottettet when toed in 
(wmmon teau. If A B C is a hemispherical lens, raya issninff 
Item any object, R, wiii be retracted at the first surftoe A C, 



., after total reflexion at the plane sur&ce B C, will bs 
■gam refracted at the aectnd sur&ce AB, and emerge in pw> 
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■lid directioDe def, exactly in the sartat maimer as if tbe^ 
had not been reflected at the points a, h, c, but had pamj 
through tha other half BA'Cof (i perfect sphere A B A' C. 
The object at R will therefore be magnified in the seme mm- 
ner, ana will be aeen with the BBme distinctnen b9 if it btd 
been seen through a sphere of gtaea A B A' C. We obtaJD, 
consequently, by this coatrivance, all the advantages (f I 
i^eric&l lena, which we believe never has been executed bf 
gtioAing. The per^copic principle, whiqb will presently 
be mentioned, may be communicated to this catoptrie lens, a 
it may bo called, by merely grinding off the angles BC, ir 
rough grinding an annular space on the plane Burface BC 
The cotlAMioo arising firm the oblique refractitoie will thin 
be prevented, and the pencils ftvm every part of the object 
will &U synunetncaJly upon the leDB, and be BymmeCriMllf 
rofVacted. 

Before 1 had Hioaght of this lens. Dr. WtJUeton liad {n>> 
jnaed a method of improving lenses, which is ebown in j^. 
rtg. 138. '^' He introdtjccd between two phD* 
convex lenses of equal size and radius,* 
plate of metal with acircutar aperture eqoal 
' ) Jth of the focal length, and whea tte 
erture was well centered, he found tbtt 
a visible Geld was 20° in diameter. In 
is compound lens the oblique pencils puBi 
/ like the central ones, at right anglea to the 
mrface. If we compare Uiia lens with tba 
cato^rie Mie above described, we shall Bse 
_ that the effect which is prodnced in tlw ma 

COM with two spherical and two plane sur&ces; all ffixai 
Kparately, is noduced in the other case by Cfa» s^asnad and 
one plane iurlace. 

(198.) The idea of Dr. Wollastmi mxj, however, be im- 
proved in other ways, by filling up the central aperture villi 
Fig.isa. 
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a cement of the same refractive power as the lenses, or, what 
is far better, by taking a sphere of glass and grinding away 
the equatorial parts, so as to limit the central aperture, as 
shown in fig, 159. ; a construction which, when executed in 
garnet, and used in homogeneous light, we conceive to be the 
most perfect of all lenses, either for single microscopes, or for 
the object lenses of compound ones. 

When a single microscope is used for opaque objects, the 
lens is placed within a concave silver speculum, which con- 
centrates parallel or converging rays upon the &ce of the ob- 
ject next the eye. 

Compound Microscopes, 

(199.) When a microscope consists of two or more lenses 
or specula, one of which forms au enlarged image of objects, 
while the rest magnify that image, it is called a compound 
microscope. The lenses, and the progress of the rays through 
them in such an instrument, are i^own in fig, 160., where 
A B is the objedt glass, and C D the eye glass. An object, 

Fig. 160. 




M N, placed a little fiirtheir from A B than its principal focus, 
will have an enlarged image of itself formed at m n in an in- 
verted position. If this enlarged image is in the focus of an- 
oUier lens, C D, placed nearer the eye than in the figure, it 
will be again magnified, as if m n were an object The mag- 
nifying efiect of the lens A B is found by dividing the distance 
of the image m n from the lens A B by the distance of the 
^ object from the same lens ; and the magnifying effect of the 
eye glass C D is found by the rule for single microscopes; and 
these two numbers being multiplied together, will be the 
magnifying power of the compound microscope. Thus, if M A 
is jfth of an mch, A n, 5 inches, and C n ^ an inch, (m n being- 
supposed in the focus of C D,) the effoct of the lens A B wiO 
be 20, and that of C D 10, and the whole power 200^ A larger 
lens than anv of the other two, called the field glass, and 
shown at E F, is generally placed between A B and the image 
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m n, for the purpose of enlarging the field of view. It has 
the efiect of diminishing the magnifying pow^r of the instni- 
ment by forming a smaller image at v «, which is magnified 

^ by C D. 

^ The ingenuity of philosophers and of artists has been nearly 
exhausted in devising the best fi)rms of object glasses and of 
eye glasses for the compound microscope. Mr. Coddin^ton 
has recommended four lenses to be employed in the eye piece 
of compound microscopes, as shown in fig-, 161. ; and along 
with thiese he uses, as an object glass, the sphere excavated at 

Fi£. 161. 




the equutor, as in fig; 159., for the purpose of reducing the 
aberration and dispersion. ** With a sphere,? says Jie, " prop- 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found m practice, the 
whole image is perfectly distinct, whatever extent of it be 
taken ; and the radius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
tlie other at least diminished to one-half Besides all this, 
another advantage appears in practice to attend this construc- 
tion, which i did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never free 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defect 
and I therefore conceive that i!F it were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps. Dr. Wollaston's 
doublet * * * Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eve 
piece, It may without difficulty be employed for opaque d>. 
jects."* The difficulty of making the spherical gla^ on a 

• OamMdgt TnuumOUM, 1830. 
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▼ery minute seale, which Mr. Coddington here mentions, and 
whichis by no means insurmountable, is, I conceive, entirely 
removed by shbetituting a hemisphere, as i^own in Jig. 157., 
and contracting the aperture in tJie manner there menti(»ied. 
Dr. Wollaston's microecopic doublet shown in^. 162., con- 
sists of two plano-convex lenses m, n^ 
with their plane sides turned towards 
the object Their focal lengths are as 
one to three, and their distance from 1-fif 
e7]T p to 1^ inch, the least convex being next 
/ \ the eye. The tube is about six inches 

/ \ long, having at its lower end, C D, a cir- 

cular perforation about ^^ df an inch in 
diameter ; through which light radiating 
from R is reflected by a plane mirror ab 
below it At the upper end of the tube 
is a plano-convex lens A B, about f of an 
inch focus, with its plane side next the 
observer, the object of which is to form 
a distinct image of the circular perfora- 
tion, at e, at the distance of about -j^ of 
an inch from A R With this instrument, 
Dr. Wollaston saw the finest stris and 
serratures upon the scales of the lepiama 
and podura, and upon the scales of a 
gnat*8 wing. 

(200.) Double and triple achromatic 
lenses have been recently much used for 
"21 the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they perform well 
they are very expensive, and by no means 
superior to other instruments that are prooerly constructed.* 
The power of using homogeneous light, indeed, renders them 
in a great measure unnecessary, especially as we can employ 
cither of Mr. Herschel's double lenses shown in Jigs. 43. and 
44., which are entirely free from spherical aberration. One of 
these, fig. 44., has been executed i of an inch focus, with an 
aperture of J^ of an inch ; and Mi*. Pritchard, to whom it be- 
longs, informs us that it brings out all the test objects, and ex- 
hibits opaque ones with &cility. 

In applying the compound microscope to the examination ot 
objects of natural history, I have recommended the immersion 
or the object in a fluid, for the purpose of expanding it and 




* See Edinbmrgli, Journal qf Scitnee, No. VIII. new series p. S14 
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5;iviDff its minute puts their proper positioa and appearanoe. 
n order to render this method perfect, it is proper to imfneno 
the anterior surface of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and accomm^ate the interior 
surface to the difference of their dispersive powers, the object 
glass may be made perfectly achromatic. The superiority c^ 
such an instrument in viewing animalcule and the molecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out' 

On Reflecting Microscopes. 

(201.) The simplest of all reflecting microscopes is a con 
cave mirror, in which the face of the observer is always mag- 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m ti, jfig-, 14., wih 
have a magnified picture of it formed at M N ; and when this 
picture is viewed by the eye, we have a single reflecting mt- 
croscope, which magnifies as many times as the distance A n 
of the object from tl^ mirror is contained in the distance A M 
of the image. 

But if, instead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple reflecting mi- 
croscope into a compound reflecting microscope, composed of 
a mirror and a lens. This microscope was first proposed by 
Sir hnac Newton ; and afler being long in disuse has been re- 
vived in an improved form by Professor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance was 2^^!!^ inches. The image is formed in the other focua 
of the ellipse, and this image is magnified by a single or double 
eye piece, eight inches from the refl^tor. As it is imprac- 
ticable to illuminate the object m n when situated as in Jig-, 
14., professor Amici placed it without the tube or below tne 
line B N, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B^ 
«nd havmg its diameter about half that of A B. 

Dr. Goring, to whom microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He uses 
a small plane speculum less than ^ of the diameter of the 
concave speculum, and employs the following specula of very 
short focal distances : — 
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That ingenioQa artist Mr. Ciithbert, who executed tiiese im- 
provementB, has more recently, under Dr. Gortng'sdirectkm, 
finished truly elliptical specula, whose agicrlure is equal to 
their focal length, "nib he has done with specula having 
bidf an inch fi^us and half an inch aperture, and three tentht 
of an inch focus and three tentlu of an inch aperture. Dr. 
Goring assures us that this microscope exhibited a set of lon- 
gitudinal lines aa the scales of the pndura in addition to the 
two sets of diagonal ones prevbuslv discovered, and two seta 
of diagooal lines on the scales of uie cabbage butterfly in ad< 
dition to the longitudinal onea with the cnce stripe, hitherto 
observed.* 

On Tea ObjecU. 
(SOS.) Ih'. Goring- baa the merit of having introduced the 
Dse of test objects, .or objects whose texture or markings re- 
quired a certain excellence in the microticope to be well seen. 
A few of these are shown in Jig-. 163. as given by Mr. Pritch- 
ard. A is the wing of the mmelaut, B and C the hair of the 




bat, and D and E the hair of the nniuse. The moat difficult 
of all the teat objects are thoee in the scales of the podura and 
the cabbage butterfly mentioned above. 

Rvlei for microtenpie Obienatvmt. 

(206.) 1. The eye dwuld be protected from all extraneous 
ligbt, and should not receive any of the light which proceeds 
tKua the illuminating centre, exceptbg what is tnmsmitted 
through or reflected from the objecL 

2, Delicate observations should not be made when the fluid 
which lubricates the cornea ia io a viscid state. 

S. The beet position for microscopical observations ia wlien 

***» Eii<ii»rgkJt%nalit SeUim, No. IV. new *eri», p. m. 
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the obeerver is lying horizoatally on his back. This arises 
from the perfect stability of his head, and from the equality 
of the lubricating film of fluid which covers the cornea. The 
worst of all positions is that in which we look downwards ver- 
tically. 

4. If we stand straight up and look horissontally, parallel, 
markings or lines will be seen most perfectly when their di- 
rection is vertical ; vis. the direction in which the lubricating 
fluid descends over the cornea. 

5. Every part of the object should be excluded, except that 
which is under immediate observation. 

6. The light which illuminates the object should have a 
very small diameter. In the day-time it should be a single 
hole in the window-shutter of a darkened room, and at night 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are used, 
the natural diameter of the illuminating light should be di- 
minished, and its intensity increased, by optical contrivaocesL 

8. In every case of microscopical observations, homogeneous 
yellow light, procured from a monochromatic lamp, should be 
employed. Homogeneous red light may be obtained fay colored 



Solar Microscope, 

(204.) The solar microscope is nothing more than a magic 
lantern, the light of the sun being used instead of that of a 
Jimp. The tube A B, fig, 154., is inserted in a hole in the 
window-shutter, and the sun^s light reflected into it by a long 
plane piece of looking-glass, which the observer can turn 
round to keep the light io the tube as the sun moves through 
the heavens. 

Living objects, or objects of natural history, are jnit upon a 
f lass slider, or stuck on the point of a needle, and introduced 
into the opening C D, so as to be illiAninated by the sun's rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen E F. 

Those who wish to soe the various external forms of micro- 
Bcopes of all kinds, and the difierent modes of putting them 
up, are referred to the article Microscope, in the Edinburgh 
Ency4dop<edia, vol. xiv. p. 215 — 283. In the latest work on 
the microscope, viz. Dr. Goring and Mr. Pritchard's ^ Micro 
ficopical Illustrations," London, 1830, the reader will find 
much valuable and interesting information. 
— ' - I ... . 

* Bee Uie article Microscopb, Edinimrgk JEiic yc/ <ygrfi g ^ vol. xiv. p.S98. 
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CHAP. XUI. 

ON REFRACTING AND REFLECTING TELESCOPES. 

AtiroinxmwMi Teletcope, 

' (205.) That the telescope was invented in the thirteenth 
oentory, and perfectly known to Roger Bacon, and that it was 
used in England by Leonard and Thomas Digges before the 
time of J&nsen or Ualileo, can scarcely admit of a doubt Tlie 
principle of the refracting telescope, and the method of com- 
.puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the different forms 
which it successively assumed. 

The astronomical telescope is represented in fig. 164. It 
consists of two convex lenses A B; C D, the former of which 




is called the object glass, from being next the object M N, am! 
the latter the eye gUms^ from its hem? next the eye E. The 
object glass is a lens with a long focal distance ; and the eye 
glass is one of a short focal distance. An inverted image m n 
of any distant object M N is formed in the fixsus of the object 
glass A B ; and this image is magnified by the eye glass C D, 
in whose anterior focus it is placed. By tracing the mys 
through the two lenses, it will be seen that they enter the eye 
£ parallel. If the object M N is near the observer, the image 
m n wQl be found at \ greater distance from A B ; and the 
eye glass C D must be drawn out from A B to obtain distinct 
vision of the image m n. Hence it is usual to fix the object 
glass A B at the end of a tube Icffiger than its focal distance, 
and to place the eye glass C D in.a small tube, called the eye 
tube, which will slide out o^ and into, the larger tube, for the 
purpc»e of adjusting it to objects at different distancea The 
magnifying power of this telescope is equal to the focal length 
of the object glass divided by the focal length of the eye gluss. 
Telescopes of this construction were made by Campani 
. Divini and Huygens, of the enormous length of 120 and 186 
feet} and it was with instruments 12 and 24 feet long that 
Haygens discovered the ring and the fourth satellite of fSitum. 

Z 
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In order to me object glaasee of such great focal lenfftbs with- 
out the encumbrance of tubes, Huygens placed Uie object 
glass in a aboct tube at the top of a veiy lon,g pole, ao that 
the tube could be turned in every possible direction upoo a 
boll and socket by means of a string, and brought into the 
same line with another short tube containing the eye glassy 
which he. held in his hand. 

As these telescopes were liable to all the imperfectiolift 
arising from the aberration of refran^ibility and that of spher- 
ical ^ure, they could not show objects distinctly when the 
aperture of Ihe object glass was great ; and on this account 
their magnifying power was limited. Hoygens found that the 
following were the proper proportions : — 



^f9C» gllMB 




Venlla«tli.a 


1ft 


0-545 inchea 


0-605 


3 


0-94 


1-04 


5 


1-21 


1-33 


10 


1-71 


1-88 


50 


3-84 


4-20 


100 


5-40 


5-95 


120 


590 


6-52 



20 

33} 

44 

62 

140 

197 

216 

In the astronomical telescope, the object, M N, is always 
inverted. 

Terrestrial Tele96ope, 

(206.) In order to accoomiodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
structed as in ^. 165., which is the same as the preceding 
one, with the addition of two lenses £ F, G H, which have the 



JMC 




same focal length as C D, and are placed at distances equal to 
double their common focal length. If the focal lengths are not 
equal, the distance of apy two of them must be equal to the 
sum of their focal lengths. In this telescope the progress of 
the rays is exactly the same as in the astronomical one, as for 
as ht where the two pencils of parallel rays C L, D L crass in 
the anterior focus L of the second eye glass E F. These raye 
foiling on E F form m its principal Ipcus an erect image, m' n 
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wluch ia seen eract bj the third eye gUuB 6 H, as the ]nyp 
diverging from m' and n' in the fi>cu3 of G H enter the eve 
in parallel pencils at £'. The magnifying power of this tele* 
ribope is the same as that of the former when the eye glasses 
are equaL 

GaUlean Telescope, 

(207.) This telescope, which is the one usea oy Qalileo^ 
diflers in nothing irbm the astronomical telescope, excepting 
in a concave eye glass C D, Jig. 166. being substituted for the 
convex one. The concave lens C D is placed between the 

J^. 166. 




image m n and the object glass, so that the image is in th^ 
principal focus of the concave lens. The pencils of raj* 
A B n, A B m fall upon C D, converging to its principal fbcuij^ 
und will therefore he refracted info parallel lines^ which wiB 
^isnter the eye at E, and give distinct virion of the object The 
tnagnifying power of this teleseope is found by thie same ru)e 
as uiat for the astronomical telescope: it gives a smaller anil 
less agreeable field of view than fiie astronomical telescope, 
but it has the advantage of showing the object erect, and ef 
giving more distinct vision of it .ck<< .1 /Kvv-a>K4t-j ifu. lVa^vu^m^c 

Gregorian Refieciing Telescope. 

0206.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec* 
ulum ; but there is no evidence that he constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the 'construction 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- •* 

served for Sir Isaac Newton. 

The Gregorian telescope is shown in Jig, 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculpm should be a 
parabola. For nearer ones it should be an ellipse in whoee 
&rther focus is the object, and in whose nearer focus is thf 
image; and in both these cases the speculum would be free 
from i^^erical aberration. But, as these curves cannot be 
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jomnranicated with certainty to specula, opticians are satisfied 
with giving to them a correct spherical figure. In front of the 

Fig. 1«7? 
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large speculum is' placed a small concave one, C D, which 
can be moved nearer to and farther from the large speculum 
by means of the screw W at the side of the tube. This spec- 
mom should have its curvature elliptical, tliough it is gene- 
rally made spherical. An eye-piece consisting of two convex 
lenses, £, F, placed at a distance equal to half the sum of their 
fixal lengths, is screwed into the tube immediately behind the 
ffreat soeculum A B, and permanently fixed in that pceitiao. 
If rays M A, N B, issuing nearly parallel from the extremitiea 
H and N of a distant object, fidl upon the speculum A B^ they 
will form an inverted image .of it at m n, as more distinctly 
■hown in fig. 14. 

If this ima^ m n is fiirther from the small speculum C D 
than its principal focus, an inverted ima^e of it, m' n', or an 
eirect imaf e of the real object, since m n is itself an inverted 
one, will be formed somewhere between E and F, the rays 
passing through the opening in the speculum. This image 
m' n' might have been viewed and magnified by a convex eye 
glass at F, but it is preferable to receive the converging rays 
upon a lens E called the field glass, which hastens their con- 
Tergence, and forms the image of m n in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m' n' are refracted by F, 
so as to enter the eye parallel, and give distinct vision of the 
image. If the object M N is brought nearer the speculum 
A B, the image of it, m n, will recede from A B and approach 
to C D ; and, consequently, the other image m' n' in the con- 
lugate focus of C D will recede from its place m' n', and cease 
to be seen distinctly. In order to restore it to its place m' n'. 
We have only to turn the screw W, so as to remove C I> 
ftrther firom A B, and consequently farther from m n, which 
Will cause the image m' n' to appear perfectly distinct as be- 
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fore. The magaifyihg power of this telescope may be found 
by the following rule :— ^ 

Multiply the focal distance of the ^eat speculum by the 
distance of the small mirror from the image next the eye, as 
'formed in the anterior focus of the convex eye glass, and muli- 
tiply also the focal distance of the small speculum by the foc«kl 
distance of the eye glass. The quotient arising from dividinjg 
the former product by the latter will be the magnifying power. 

This rule supposes the eye-piece to consist of a single lens. 

The following table, showing the focal lengths, apertures, 
powers, and prices of some of Short's telescopes, will exhibit 
the ^reat superiority of reflecting telescopes to refracting 
ones: — 

F«Ml Imttta ia iMt. 
1 

2 
3 
4 
7 
12 



Aptttan laluabuM, 


Hi«aUyU«pow««. 


yriwtofiilMM. 


3-0 


a5 


to 100 


14 


4-5 


go 


300 


35 


63 


100 


400 


75 


7-6 


120 


500 


100 


12-2 


200 


800 


300 


18-0 


300 


1200 


800 



Cassegrennian Telescope, 

(209.) The Cassegrainian telescope, proposed by M. Cat- 

•«8gFain, a Frenchman, differs from the Gregorian only in hav- 

ing its small speculum C D^fig, 168., convex instead of coo- 

.cave. The speculum is therefore plaiped before the image m n 

Fig. 168. 




.of the object M N,,and an image of M N will be formed at 
m' n' between E and F as in the Gregorian instrument Tlie 
advantage of this form is, that the telescope is shorter than 
*the Gregorian by more than twice the focal length of the 
'small speculum ; and it is generally admitted that it gives 
more light, and a distincter image, in consequence of the con* 
viex speculum correcting the aberration of the concave one. 

Z2 
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Newtonian Telescope. 

(210.) The Newtonian telescope, which may be regarded 
as an improvement upon the Gregorian one, is represented in 
fyr. 160., where A B is a concave speculum, and m n the in- 
verted image which it fimns of the object from which the rayi 

Fig. un. 








M, N proceed. As it is impossible to introduce the eye into 
the tube to view this image without obstructing the li^ 
which comes from the object a small plane speculam C D, in- 
clined 45^ to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and me image m n, in order to reflect it to a side 
at m' n', so that we can magnify it with an ^e glass E, which 
causes tiie rays to enter the eye parallel. The small mirror 
is fixed upon a slender arm, connected with a slide, by which 
the mirror may be made to approach to or recede Rom the 
large speculum A B, according as the imaffe m n approachei 
to or recedes from it Thistac^ustment might also be efifected 
by moving the eye lens E to or from the small speculum. The 
magnifying power of this telescope is equal to the focal length 
of the great speculum divided by that of the eye glass. 

As about half of the light is lost in metallic relexioDs, % 
Isaac Newton proposed to substitute, in place of the metallic 
speculum, a rectangular prism ABC, Jig, 148., in which the 
light suffers total reflexion. For this purpose, however, the 
glass requires to be perfectly colorless and free from vein% 
and hence such a prism has rarely been used. Sir Isaac 
also proposed to make the two faces of the prism convex, as 
D E Fj jfig, 148.,- and by placing it between the image m n 
and the object, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The original 
telescope, constructed l^ Sir Isaac's own hands, is preserved 
in the library of the Royal Society. 

The following table shows the dimensions of Newtooka 
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telescopes, whieh we have computed by taking a fine telescope 
made by Hawksbee as a standard : — 

lit 2*26 inches. 0*129 inches. 93 

2 3-79 0162 168 

3 614 0168 214 

4 636 0*181 265 
6 8-64 0-200 360 

12 14-50 0-238 604 

24 24*41 0*283 1017 

(211.) On account of the great loss of light in metallic re- 
flexions, which, according to the accurate experiments of Mr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
45^,* and the imperfections of reflexion, which even with peip 
feet surfaces make the rays stray ^ve or six times more than 
the same imperfections in refracting surfiices, I have proposed 
to construct the Newtonian telescope, as shown in fig. 170.« 
where A B is the concave speculum, m n the image of the 

Fig. 170. 




object M N, and C D an achromatic prism, which refracts the 
hnaffe m n into jan oblique position, so that it can be viewed 
by &e eye at E through a magnifying lens. Nothing more is 
tequired by the prism than to turn the rays as much aside as 
will enable the observer to see the image without obstructing 
the rays from the object M N. As the prisms of crown ana 
flint glass which compose the achromatic prism may be ce- 
mentai by a substance of intermediate refractive power, no 
more light will be lost than what is reflected at the two sur- 
&ces. 

In place of settmg the small speculum, C D, of the New- 
tonian telgscope, fig. 169., at 45°, to the incident rays, I have 
proposed to place it much more obliquely, so as to reflect the 
Troage m n, fig. 170., out of the way of the observer, and no 
fluther. This would of course requnre a plane speculum, C D, 
< ■ I I.I I . — ■■ ■ — — ■ ^ 

* Edinburgh JwnuU ^ ScUne*^ No. VI.* new lerieit p. 883. 
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of much greater length ; but the greater obliquity of the 
flexion would more than compensate for this inconvenience. 
It might be advisable, indeed, to use a small speculum of dark 
glass, of a high refractive power, which at great incidences 
reflects as much light as metals, and- which is capable of 
being brought to a much finer sur^e. The fine sar&ces of 
some crystals, such as ruby silver, oxide of tin, or diamond, 
might be used. 

A Newtonian reflector, toitkout an eye glass, may be made 
by using a reflecting glass prism, with one or both of its sur- 
faces concave, when the prism is placed between the image 
m n and the great speculum, so as to reflect the rays parallel 
to the eye. The magnifying power will be equal to the local 
length of the great speculum, divided by the radius of tbs 
isoncave surface of the prism if both the surfaces are concave, 
and of equal concavity, or by twice the radius, if only one 
iurioce is concave. 

« 

Sir William HersckeVs Telescope, 

(212.) The fine Gregorian telescopes executed by Short 
were so superior to any other reflectors, that the Newtonian 
form of the instrument fell into disuse. It was revived, how- 
ever, hy Sir W. Herschel, whose labors, form the most brilliant 
epoch m optical science. With an ardor never before exhibit- 
ed, he constructed no fewer than 200 seven feet Newtonian 
reflectors, 150 ten feet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent patron- 

?^e of George III., he began, in 1785, to oonstruct a telescope 
or ty feet long, and on the 27th of August, 1789, the day on 
which it was completed, he discovered with it the sixth satel- 
lite of Saturn. 

The great speculum had a diameter of 494 inches, but its 
concave sur&ce was only 48 inches. Its thickness was about 
Si inches, and its weight when cast was 2118 lbs. Its fecal 
lenc^ was fortv feet, and the length of the sheet iron tube 
which contained it was 39 feet 6 inches, and its breadth 4 feet 
10 inches. By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6450 to the fixed stars, but a very- 
much lower power was in general used. 

In this telescope the ob^rver sat at the mouth of the tube, 
and observed by what is called the front view, with his back 
to the object, without using a plane speculum, the eye lens 
being applied directly to magnify the image fermed by the 
great speculum. In order to prevent the head, &c. from db- 
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slractBig tc» much of the incident light, the image was firmed 
out of die axis of the speculum, wad must, therefore, have 
been slightly distorted. 

As the frame of this instrument was exposed to the weather, 
it had greatly decayed. It was, therefore, taken down, and 
another telescope, of 20 feet focus, with a speculum 18 inches 
in diameter, was erected in its place, in 1822, by J. F. W. 
Herschel, I^., with which many important observations have 
been made. 

Mr, Ramage's Telescope. 

(213.) Mr. Ramage, of Aberdeen, has constructed various 
Newtonian telescopes, of great lengths and high powers. The 
largest instrument at present in use in this country, and we 
believe in Europe, was constructed by him, and erected at the 
Royal Observatory of Greenwich in 1820. The great specu- 
lum has a focal length of 25 feet, and a diameter of 15 inches 
The. image is formed out of the axis of the speculum, which 
IS inclined so as to throw it just to the side of the tube, where 
the observer can view it without obstructing the incident rays. 
The tube is a 12-sided prism of deal, and when the instrument 
is not in use it is lowered into a box, and covered with canvas. 
The apparatus for moving and directing the telescope is ex- 
tremely simple, and displays much ingenuity. 



CHAP. xun. 

OK ACHROMATIC TELESCOPKS. 

(214.) Thb principle of the achromatic telescope has been 
briefly explained in Chap. VII., and we have there shown Iraw 
a convex lens, combined with a concave lens of a longer focus^ 
and having a higher retractive and dispersive power, may pro- 
duce refraction without color, and consequently form an unage 
free from the primary prismatic colors. It lias been demonstrated 
mathematically, and the reader may convince himself of its 
truth by actually tracing the rays through the lenses, that a 
eonvex and a concave lens will form an achromatic combina- 
tion, or will give a colorless ima^, when their focal len^s 
are in the same proportion as their dispersive powers. That 
10, if the dispersive powers of crown and flint glass are as 0*60 
to 1, or 6 to 10; then an achromatic object glass could be 
formed by cc»nbining a convex crown glass lens of 6, or 60, or 
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d&O inchet with a concave flint glem lens of 10^ or 100» or 

1000 inches in foca^ length. 

But though such a combination would form an ima^ iree 
fiom color, it would not be free from spherical aberration, which 
Can only be removed by giving a proper proportion to tlie cor- 
vatures of the first and last suriaoe, or the two outer surfaces 
of the compound lens. Mr. Uerschel has found that a double 
ohject gluss will be nearly free from aherration, provided the 
radius of the exterior surface of the crown lens be 6*72, and 
of the flint 14*20, the focal length of the combination being 
10*00, and the radii of the interior sur&ces being computed 
from these data by the formuls given in elementary works oo 
optics, so as to make the focal lengths of the two glasses in 
fig. 171. the direct ratio of their dispersive powers. This 
combination is shown in Jiff. 171., where A B ifc 
the convex lens of crown glass, placed on the out 
side towards the object, and C D tiie concavo-con 
vex lens of flint glass placed towards the eye 
The two inside surfaces that come in contact ar* 
so nearly of the same curvature that they may bt 
ground on the same tool, and united together by i 
cement to prevent the loss of light at me two suf 
flicea 

In the double achromatic object glasses con 

structed previous to the publication of Mr. Her 

sobers investigtfti<His, the sur&ce of the concave 

lens next the eye was, we believe, always con* 

cave. 

Triple achromatic object glasses consist of three lenses A B, 

C D, E F, Jig. 172., A B and E F being convex 

lenses of crown glass, and C D a double concave 

lens of flint glass. 

The object of using three lenses was to ob* 
tain a better correction of the spherical aberra- 
tion; but the greater complezity of their coo- 
struction, the greater risk of imperfect centering, 
or of the axes of the three lenses not beingm 
the same straight line, together with the loss of 
light at six surfaces, have been considered am 
more than compensating their advantages ; and 
they have accordingly Mien into disuse. 

The following were the radii of two triple 
achromatic object glasses, as oonstracted bv 
Dollond :— ^ 
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AB,ar firat Grown LenB. 

FIRST OBJSCT GLASS. OSOOND OBJBOT CLAM. 

Radii of first surface, ... 28 inches S8 

second surface, ..40. --••-.. 35*5 

C D, or Flint Lens. 
Radii of first surface, . . . 30*9 2H 

second surfiioe, .« 28 -.•-•• . 25*75 

E F, or second Crown Lens. 

Radii of &*st surface, ... 28*4 ........28 

' ' second surface, - - 28*4 ,..28 

Focal length of the compound 

lens, 46 inches 46*3 

In consequence of the gfreat difficulty of obtaining flint 
glass free from veins and imperfections, the largest achromatic 
object glasses constructed in England did not greatly exceed 
4 or 5 inches in diameter. The neglect into wHch this im* 

g>rtant branch of our national manufactures was allowed to 
11 by the ignorance and supineness of the British government, 
stimulated foreigners to rival us in the manu&cture of achro* 
matic telescopes. M. Guinand of Brenetz, in Switzerland, 
and M. Fraunhofer, of Munich, successively devoted their 
minds to the subject of making large lenses <n flint glass, and 
both of them succeeded. Before his death, M. Fraunhofer 
executed two telescopes with achromatic object glasses of 9 A 
inches, and 12 inches in diameter'; and he informed me that 
he would undertake to execute one 18 inches in diameter. 
The first of those object glasses was fi>r the magnificent achro- 
matic telescope ordered by the emperor of Russia, for the ob^ 
servatory at Dorpat The object glass was a double on^, and 
its focal length was 25 feet; it was mounted on a metallic 
istand which weighed 5000 Russian pounds. The telescopd 
could be moved by the*^lightest fi>rce m any direction, all the 
movable parts being balanced by counter weights. It had four 
eye glasses, die lowest of which ma^ified 175, and the high- 
est 700 times. Its price was 1300^., but it was liberally given 
^.t prime cost, or 9502. The object glSss, 12 inches in diameter, 
was made fi)r the king of Bavaria, at the price of 27202. ; but 
as it was not perfectly complete at the time of Fraunhofer*d 
death, we do not know that it is at present in use. In the 
hands of that able observer, Professor Struve, the telescope of 
JDorpat has already made many important discoveries in ai^ 
tronomy. 
A French optician, we believe, M. Lerebours, has xboie 
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recently executed two achromatic object glasses of glass made 
by Guioand. One of them is nearly 12 inches in diameter, 
and another above 13 inches. The first of these object ^aasea 
was mounted as a telescope at the Royal Observatory of Faris ; 
and the French government had expended 500Z. in the pur- 
chase of a stand for it, but had not the liberality to purchase 
the object glass, itself Sir James South, our liberal and active 
countryman, saw the value of the two object glasses, and ac- 
quired them for his observatory at Kensington. 

ON ACHROMATIC STEFDBCE8L 

(215.) Achromatic eyepieces when one lens only is wanted, 
may be composed of two or three lenses exactly on the same 
principles as object glasses. Such eyepieces, however, are 
never used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the same 
kind of glass. This arrangement is shown injfiff- 173., where 
A B and C D are two plaiKHconvex lenses, A B oeing^ the one 

Fif. 173. 



next the object glass, and C D the one next the eye, a ray of 
white light R A, proceeding from the achromatic object ^lasa^ 
will be refracted by A B at A, so that the red ray A r crosses 
the axis at r, and the violet ray A v at v. But these rays being 
intercepted by the second lens C D at tlie points m, n, at d£ 
ferent distances from the axis, will suffer different deg-rees of 
refraction. The red ray mr suffering a greater refractiofn 
than the violet one n v, notwithstan4^ng its inferior refran- 
gibilitv, so that the two rays will emerge parallel from the 
fens Cf D (and therefore be colorless) as shown at m r', in v1 

When these two lenses are made of crown glass, they must 
be placed at a distance ^ual to half the sum of their focal 
lengths, or, what is more accurate, their distance must be 
equal to half the sum of the focal distance, of the eye glass 
C D, and the distance at which the field glass A B would form 
an imafe of the object glass of the telescope. This eyepiece 
is callcS the negative eyepiece. The stop or diaphragm must 
be placed half-way between the two lensesi The focal length 
of an equivalent lens, o^ one that has the same magnifying 
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Fig. 174. 



power as the eyefnece, is equal to twice the prodnct of the 
local lengths of the two lenses divided by the sum of the same 
numbers. 

An eyepiece nearly achromatic, called RamsdevCs Eyepiece^ 
and much used in transit instruments and telescopes with mi- 
crometersy is shown in fig, 174., where A B, C D, are two 

plano-convex lenses with their 
convex sides inwards. They 
have the same focal length, and 
are placed at a distance from 
each other, equal to two-thirds 
of the focal length of either. 
The focal length of an equiva- 
lent lens is equal to three-fourths 
the focal length of either lens. 
The use of this eyepiece is to 
give a flat field, or a distmct view of a system of wu-es placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses; 
but as this would require the wires at M N to be brought 
nearer A B, an'y particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land objeots is shown in fig. 175. 
It consists of four lenses, A, C, D, B, placed as in ^the %ure. 

Fig. 175. 





Mr. Coddington has shown, that if the focal lengths, reckoning 
from A, are as the nombers 3, 4, 4 and 9, and the distances 
between them on the same scale 4, 6, and 5^ the radii, 
reckoning from the outer surfiice of A, should be thus : — 



A \ First surface 
/ Second surfiice 

^ \ First surface 
) Second surface 

jj j First surface 
} Second surface 
Fu*st surface 



27 } 
« > nearly plano-convex. 

\ 



9 
4 



a meniscus. 



B 



Second surface 



2j > nearly planO-eonvex. 
^ ( Double convox. 



24 
2 A 



M6 A T^MA^nsB o» omcs* past tv. 

The ma^fying power iji this eyepiece, as usnally made, 
differs little from what would be produced by using* the &st 
or fourth lens alone. I have shown, that the ma^ifying 
power of this eyepiece may be increased or diminished by 
varying the distance between C and D, which even in commoa 
eyepieces of this kind may be done, as A and C are placed ia 
one tube A C, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In fig;. 175., I 
have shown the eyepiece constructed in this way, and capable 
of having its two parts separated by a screw nut £1, and rack. 
This contrivance for obtaining a variable magnifying^ power, 
and consequently of separating optically a pair of wires fixed 
before Uie eye glass, I communicated to Mr. Carey in 1806^ 
and had one of the instruments constructed by Mr. Adie in 
1806. It is fully described in my Treatise on PhUoaophieal 
Instruments^ and has been more recently brought out as a new 
Invention by Dr. Elitchener, under the name S the Pancratk 
Eye Tube. 

Prism Telescope, 

(216.) In 1812, I showed that colorless refraction may be 
produced by combining two prisms of the same substance, and 
me experiments which led to this result were published in my 
Treatise on New Philosophical Instruments in 1813. The 

Eractieal purposes to which this singular principle seemed to 
e applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Teinoscope, ibr extending or altering the lineal proportions of 
objects. 

If we take a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
aogles, as in Jig. 20., where the square pane of glass is of its 
natural size. If we turn the refracting edge towards the 
window, the pane will be extended or magnified in its length 
ot vertical direction, while its breadth remains the same, ''if 
we now take the same prism and hold its refracting edge ver- 
tically, we shall find, by the same process, that the pane of 
glass is extended or magnified in breadth. If two such prisms^ 
uierefore, are combined in diese positions, so as to magnify the 
same both in tenj^thand breadth^ wo have a telescope com- 
posed of two pnsdis, but unfortunately the objects are all 
nighly fringed with the prismatic colors. We may correct 
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these colors in three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glasn 
to ab«>rb the other rays when two common glass prisms are 
used : 2d, We may use achromatic prisms in place of common 
prisms : or, 3d, What is best of all for common purposes, we 
may place other two prisms exactly similar, but in reverse 
positions, or they may be placed as shown in fig, 176., which 
represents the prism telescope ; A B and A C being two prisms 

• Fig, 178. 




of the same kind of glass, and of the same refracting angles, 
witii their planes of refraction vertical, and E D, E F, other 
two perfectly similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M a, from an 
object, M, enters the first prism, E P, at a, emerges from the 
second prism, E D, at 6, enters the third prism, A C, at c^ 
emerges from the fourth prism, A B, at c{, and enters the eye 
at O. The object, M, is extended or magnified horizontally 
by each »of the two prisms, E F, E D, and verticallv by each 
of the two prisms, A B, A C ; objects are magnified by look^ 
mff through the prisms. 

This instrument was made in Scotland by the writer of this 
Treatise, under the name of a Temoscope^ and also by Dr. 
Blair, before it was proposed or executed by Professor Amici 
of ModenaL Dr. Blair*s model is now before me, being com- 
posed of four prisms of plate glass with refracting angles of 
about 15^. It was presented to me two years ago by his son ; 
but as no account of it was eVer published, Mr. Blair could not 
determine the date of its construction. 

In constructing this instrument, the perfect equality of the 
four prisms is not necessary. It will be sufficient if A B and 
B £ are equal, and A C and £ F, as the color of the one 
prism can be made to correct that of the other by a change w 
Its position. For the same reason it is not necessary that th^ 
be all made of the same kind of glass. 
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Ackromatic Opera Gkuses toith Single Lenses. 

(217.) M. d*Alexnbert has lon^ a^ ehown that an achzomatie 
telescope may be constructed with a single object g^lass axid a 
single eye glass of different refractive and dispersive powera. 
To effect this, the eye glass must be concave, and be made of 

Slass of a much higher dispersive power than tiiat of whicb 
le object glass is made ; but the proposal was quite UtopiaB 
at the time it was suggested, as substances with a sufficient 
difference of dispersive power were not then known. £ven 
now, the principle can be applied only to opera ^la8se& 

If we use an object glass of very low dispersive power, the 
refraction of the violet rays may be corrected by a concave 
eye lens of a high dispersive power, as will be seen by the 
following table. 



Ot^t glMM K]r« f llH 



Crown gloss Flint glass 1^ 

Water Oil of cassia 3 

Rock crystal FUot glass 2 

Rock crystal Oil of aniseseed 3 

Crown glass Oil of cassia 3 

Rock crystal Oil of cassia 6 

Although all the rays are made to enter the eye parallel in 
these combinations, yet the correction of color is not satis* 
factory. 

Mr. BetrUno's Achromatic Telescope, 

(218.) In the year 1813 I discovered tlie remarkable di»> 
persive power or sulphuret of carbon, having found that it 
** exceeds all fluid bodies in refractive power, surpassing even 
flint glass, topaz, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holding 
an intermediate place between phosphorus and balsam of tolu. 
* * * Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an o|>- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the sulphuret of carbon. 
fls a fiuid of great value in optical researches^ and which 
may be of incahulahle service in the constmetion of optical 
instruments.^^* This anticipation has been realiased by Mr. 

^ On the Optical Properties of Sulphuret of Carbon, in Ediuburgk 7V«m. 
vol. viii. p. 2e5. Peb.7. J814. 
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Barlow, who has employed sulphuret of carhon as a substitate 
for flint glass, m correcting the dispersion of the convex lens. 
It had been proposed, and the experiment even tried, to place 
the .concave lens between the convex one and its focps, for the 
purpose of correcthig the dispersion of the convex lens, with 
a lens of less diameter, but Mr. Barlow has the merit of hay« 
ino' first carried this into effect 

The telescope which he has made on this principle, consists 
of a single object lens of plate ^lass, 7*8 inches in clear aper- 
ture, with a focal length of 78 mches. At the distance of 40 
inches from this lens was placed a concave lens of sulphuret 
of carbon, with a focal length of 59*8 inches, so that parallel 
rays falling on the convex plate lens, and converging to its 
focus, wocdd, when refracted by the fluid concave lens, have 
their focus at the distance of 104 inches from the fluid len8» 
and 144 inches, or 12 feet, from the plate glass lens. The 
fluid is contained between two meniscus cheeks, and a glass 
ring, so that the radius of the concave fluid lens is 144 inches 
to^^urds the eye, and 56*4 towards the object lena The fluid 
is put in at a high temperature, and the contraction which it 
experiences in cooling is said to keep every thing perfectly 
tight No decomposition of the fluid has yet been observed. 
The great secondary spectrum which I found to exist in sul- 
phuret of carbon is approximately corrected by the distance of 
the fluid lens from tlie object glass ; but we are persuaded that 
it is not free from secondary color. Mr. Coddin^n remarks, 
that the general course of an oblique pencil is bent outward 
by the fluid lens, and the violet rays more than the red, so as 
to produce indistinctness; but we are not aware that this 
defect was observed in the instrument The tube of the tele- 
scope is 11 feet, and the eyepieces one foot " The telescope,'* 
says Mr. Barlow, " bears a power of 700 on the closest double 
stars in South's and Herschers catalogue, although the field 
is not then so bright as I could desire. Venus is beautifully 
white and well defined with a power of 120, but shows some 
color with 360. Saturn, with the 120 power, is a very bril- 
liant object, the double ring and belts being well and satisfac- 
torily defined, and with the 360 power it is still very fine.** 
Mr. Barlow remarks, also, that the telescope is not so com- 
petent to the opening of the close stars, as it is powerful in 
bringing to light the more minute luminous points. 

Achrommtic Satar TeLetoofet foUh single Lenses, 

(SSIO.) An achromatic telescope for viewing the sun or any 
hij^y uimiiumB object may be oonstnieted by vanog a 8iiig& 

2A2 
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otject glass of plate glass ; and by making any one of the ey« 
glasses out of a piece of glass which transmits only homage 
neous light : or the same tiling may be efiected by a piece of 
plane glass of the same color ; but this introduces the erron 
of other two surfaces. In such a constructioa it would be 
preferable to absorb all the rays but the red ; and there are 
various substances by which this may be readily efiected. The 
object glass of this telescope, though thus rendered monochn^ 
matic, will still be liable to spherical aberration. But if the 
radii of the lens are properly adjusted, the exce^ of solar light 
will permit us to diminish the aperture, so as to render the 
spherical aberration almost imperceptible. Such a telescope^ 
when made of a great length, would, we are persuaded, be 
equal to any instrument that has vet been directed to the son. 
If we could obtain a solid or a nuid which would absorb all 
the other rays of the spectrum but the yellow^ with as little 
loss as there is in red glasses, a telescope of the preceding 
construction would answer fox day objects, and for all the pur- 
iDses of astronomy. If the art ii giving lenses a hyperbolic 
ferm shall be brought to perfection, which we have no doubt 
will yet be done, the spherical aberration would disappear; 
and a telescope upon this principle would be the meet perfect 
of all instrumenta 

Even by using red light only, a great improvement might 
be effected in the common telescopes for day objects and fx 
astronomical purposes. If the red rays, for example, form i^th 
of white light, we have only to increase the area of the apeiv 
ture 10 times to make up completely for this defect of liffht. 
The spherical aberration is, no doubt, greatly increased a&o : 
but if we consider that, when compared to the aberration of 
color, it is only as 1 to 1200, we can afibrd to increase it in 
order to gain so great an advantage. Common telescopes^ 
indeed, may be considerably improved by applying colored 
glasses, which absorb Only the extreme rays of the spectrum, 
even though they do not produce an achromatic or homoge- 
neous image. 

These observations are made for the benefit of those who 
cannot afiS)rd expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the ordi* 
nary instruments which they may happen to possess. 

On the Improvement of imperfectly achromatic Telescopes, 

(220.) There are many achromatic telescopes of cooBider* . 
able size, in which the flint lens either over corrects or under 
corrects the colors of the crown glass lens. This defect maj 
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be easily removed by altering slightly the curvature of one or 
other of the lenses. But all achromatic telescopes whatever^ 
when made of crowo and iSint glass, exhibit the secondary 
colors, viz. the wine-colored and the green fringes. These 
colors are not very strong ; and in many, if not in all cases, 
we may destroy them by absorption through classes that will 
not w^iken fifreatly the intensity of the light The ^lassen 
requisite for wis purpose must be found by actual experiment; 
as the secondary tints, though generally of the colors we have 
mentioned, are variously composed, according to the nature of 
the glass of which the two lenses are made. 
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TABLES W REFRACTIVE AMD DISPERSIVE POWERS* Ac. 

OF DIFFERENT MEDIA. 



TABUB I. 

(Referred tofirom Pafe 30.) 
Table <f the R^racHve Pewere of Sciid and FUdd Bodies, 



1-830 



t ladax of Buftatttna. 

Realgar artificial S'549 

Octohedrite 2-500 

Diamond 2*439 

I^itrireoflead 2*322 

Blende 2-260 

Phosphorus 2-224 

Sulphur melted 2-148 

Ziicon 1-961 

Gla»— lead 2 parts, flint ) 
Ipart { 

Garnet 1-815 

Rubjr 1-779 

GIa»-4ead 3 parts, flint) ^^^ 

Sapphire 1-794 

Sjpinelle 1-764 

Cinnamon stone 1*759 

SulphuretM' carbon 1*768 

Oil of cassia 1*641 

Balsam of Tolu 1-628 

Guaiacum 1-619 

Oil of aniMteed 1*601 

Quartz 1*548 

Rocksalt 1*557 

Sugar melted 1-554 

Cuiada balsam 1*549 



ladcs of BcAmiwa. 

Amber 1-547 

Plate glass, from 1-514 to... 1-543 

Crown glass, from 1-585 to.. 1-534 

Oil of cloves 1-535 

Balsam capivi 1-528 

Gum arable 1*502 

Oil of beech nut 1-50O 

Castor oil 1-490 

Cajeputoil 1-483 

Oil of turpentine , 1-476 

Oil of olives , 1-470 

Alum 1*457 

Fluor S^ 1^34 

Sulfihuric acid 1-434 

Nitric acid 1*410 

Muriatic acid 1-410 

Alcohol 1-372 

Cryolite 1*349 

Water 1-336 

Ice 1-309 

Fluids in minerals 1-294 to . 1-131 

Tabasheer 1-111 

Ether expanded to thrice ) -.^^^ 

iti volume * 

Air 1*000894 



TfaAZe of the Refractive Powert of Gates. 



latex cT B«A«cli«k 



Vapor of sulphuret 

carbon 

Phosgene gas 

Cyanogen 

Chlorine 

Olefiant gas 

Sulphurous acid 

Sulphuretted hydrogen 

Nitrous oxide 

Hydrocyanic acid .... 
^lluiatlc acid 



ni 



KO1530 

1001159 
1-000834 
1*000772 
1-000678 
1-000665 
1-000644 
1-000503 
1-000451 
1'<X)0449 



iMln of BrttaKtion. 

Carbonic acid 1*000449 

Carburetted hydrogen .. 1*000443 

Ammonia 1-000385 

Carbonic oxide 1*000340 

Nitrous gas 1*000303 

Azote 1-000300 

Aunospheric air 1-000294 

Oxyeen 1-000278 

Hydrogen 1*000138 

Vacuum 1-000000 



no 
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TABLE n. 
(Referred to from Page 31.) 
Taiie of the Abtdlute RefraeUbe PowerB of Bodies. 

Tabaaheer 00976 

Cryolite ....' 0^42 

Fluorspar 0-3426 

Chcygen 0-3799 

Sulphate of bonrta 03689 

Sulphuiouaacid gai ...... 04455 

Nitrous gas 0-4491 

Air 0-4528 

Carbonic add •., 0*4537 

Awte 0-4734 

Chlorine 0-4813 

Nitruus oxide 0*5078 

Phosgene . ; 0-5188 

Selenite .• 0-5386 

Carbonic oxide 04387 

Quartz 05415 

Glass 0-5436 

Muriatic add 0*55^ 

Sulphuric add 0^124 

Calcareous spar....; 0*6424 

Alum 0-6570 

Bwax 0-6716 



Nitre 

Rainwater 

FUntgiaas ; 

Cyanogen 

Siilphiiietted hvdrogmi . 
Vapor of aolpaaiet of 

carbon , 

Amiponia « .. . 

Alcohol rectified 

Camphor 

Olive oil ; 

Amber 

Octohedrite 

Sulpburet of carbon . . . 

Diamond 

Realgar 

Ambergris 

Oil of cassia* 

Sulphur 

PhosjdiornB 

HydiDgon 



\ 



0-7079 
0-7845 
0-798(S 
0-8Q21 
0-8419 

0-8743 

1*0033 
1*0121 
1-2551 
1-2607 
1-3654 
1-3816 
1^4900 
1*4566 
1-6666 
1-7000 
1-7634 
2*9000 
2-88S7 
3-09SS 



Nal. 

(Beferred to (torn Page n.) 

In order to convey lo the reader aome idea of the variety of dispernTe 
ppweis which exist u solid and fluid bodies, X have given the IbUowiiiff 
table, selected from a much larger ooe, founded on obaervatione whicE 
r made in 1811 and 1812.t 

The iint column contains the diflferenoe of dxe indices of nfiraction 
Ibr the extreme red and violet rays, or the pert of the whole refhictian 
to which the dispersion is equal; and the second column contains the 
dispersive power. 

2h6fe of the Dispertive Pauere cf Bodies. 

'^^y tar Mtreme Bmjm 

Oilof cassia 0-1S9 O089 

Sulphur after fusion 0-130 0-149 

Phosphorus , 0*128 0-156 

Sulphnret of carbon 0*115 0O77 

Balaam of Tolu 0-103 0O65 

Bolsamof Peru 0<)93 0O68 



* See Edinburgh Journal (ff Seienee^ No. XX. p. 306. 

r See my Treatiie m JVte PhikaopMcal tnatrumtmH^ p. 815. 
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IHapcnlT* 
power. 

BarlMdoes aloes ^ ■.« O085 

Oil of bitter almonds '0079 

Oil of anise&eed i 0-077 

Acetate of lead melted 0069 

Bdlsom of Styrax ., 0O67 

Guaiacum .' 0K)66 

Oil of cumin »« 0O65 

Oil of tobacco 0064 

Gum ammoniac 0O63 

Oil of Barbadoes tar 0062 

Oil of cloves 0062 

Oil of sassafras 0O60 

Rosin ..^.... 0O57 

Oil of sweet fennel seeds 0055 

ei] of speannint ..*... 0O54 

Rock salt *..« 0O53 

Caoutchouc 0O52 

Oil of pimento *.. .. 0O52 

Flint glass .'..r . 0058 

Oil of angelica 0O51 

Oil of thyme 0O50 

Oil of caraway seeds 0O49 

Flint glass 0O48 

GumUius • 0O48 

Oilofjuniper 0O47 

Nitric acid 0.045 

Canada balsam 0O45 

Cajeputoil 0O44 

Oil of rhodium 0O44 

Oil of poppy 0O44 

Zircon, greatest re£ 0*044 

Muriatic acid 0O43 

Gum copal 0O43 

NutoU 0O43 

Oil of turpentine 0O42 

Feldspar 0O42 

Balsam capivi 0O41 

Amber 0O41 

Calcareous spar— greatest •.. 0O40 

Oil of rape-seed 0O40 

Diamond 0O38 

Oil of olives 0O38 

Gummastie 0O38 

Oil of rue 0037 

Beryl 0O37 

Ether 0O97 

Selenite 0O37 

Alum 0O36 

Castoroil 0036 

Croun glass, green • . . . 0O36 

Gumarabic--. 0O36 

Water 0-035 

Citric acid 0085 

Glassof Borax 0O34 



msiaflBdlMS 

of Kef netiw 
to «xtreni<> Ha^t, 

^058 

0O48 

0O44 

0040 
I 0039 

O041 

0OS3 

0O85 

0037 

0030 

0033 

0O32 

0032 

0O28 

0026^ 

0029 

0028 . 

0O20 

0O26 

0O25 

0O24 

0j034 

0O29 

0028 

0O22 

0O19 

0O21 

0021 

0O22 

0O22 

0045 

0O16 

0024 

0O22 

0O20 

0022 

O021 

0023 

0027 

0O19 

0O56 

0018 
^ 0O23 

0O16 

0O22 

0O12 

0O20 

0O17 

0O18 

0O20 

0018 

0O12 

0019 

0O18 



ais 



A TaMKxnm ov opticb. 



ChrysoUte J^ 

Crownglaai ^ 

Oa of wine ^ 

GlacBofphMphorui vOJl 

Plate glaM J^ 

Sulphuric acid 0^ 

Tartaric acid vir^ 

Nitre, leart ref. ^^ 

Sulphate of baiyto J^ 

Rockciystol S2S2 

BoraxgIam(lbor.2«ilex)... 0^ 

BlueMipphire 0;^ 

Bluish topaz J<^ 

Chrj«>betyl 0;^ 

Blue topaz , J^ 

Sulphate of ■tromia .' J0S4 

PniScacid 0;^ 

Fluorspar ^ 

Cryolite <X®« 



ncoT 
or: 
fbrcxt 

0O18 

0O18 

0O12 

<M)X7 

0O17 

0OI4' 

0016 

0009 

0O14 

OOll 

OOll 

0O14 

0O14 

0O21 

0016 

0019 

0016 

0015 

0O08 

OOIO 

0O07 



No. n. 

(Btferrad to firom Page 73.) 

The ibUowing table oontaine the renilis of seveial experimenta whidi 
I made in the manner described in pp. 72, 73. The bodies at the top of 
th6 table have the least action upon green light, and those at the bottom 
of it the greatest The relative position ct some of the substances ■ 
empirical; but, by referring to the original experiments in my Treatite 
on New Philotophical InstnmerUn, n. 354., it will be seen wheth«? or 
not the relative action of any two bodies upon green U^t has been 
determined. 



TbUeqf 7VmuparerUBodie9,inihe order in which they 

leaei ocftoft apon Green LighL 



exerdeeikt 



Oil of cassia. 
Sulphur. 
Sulphutet of carbon. 
Balsam of Tolu. 
Oil of bitter almonds. 
Oil of aniseseed. 
Oil of cumin. 
Oil of sossairas. 
Oil of sweet fennel seeds. 
Oil of cloves. 
Canada balsam. 
Oil of turpentine. 
Oil of poppy. 



Oil of spearmint. 
Oil of caraway 
Oil of nutmeg. 
Oil of peppermint. 
Oil of castor. 
GumoopaL 
Diamood. 
I^itmte of potadu 
Nut oil. 

Balsam of capLvL 
Oil of rhodium. 
FuicTGLAsa. 
Zircon. 
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Oflof oliTW. 
C^BictfQoiiUi spur* 
RockHdt. 
Gumhmiper. 
Oilof almonck 

CXOWN OLASf. 

Gum antbic 

AloohoL 

Etfaer. 

GUuiiof boiaK 

Selenite. 

BeiyL 



Traiuparent BodieM, 4^ — contimud. 

Tbpaz. 
Fluor spar. 
Citric acid. 
Acetic acid. 
Muriatic acid. 
Nitric acid. 
Rock dysta). 
Ice. 

Watdu 

Phoaphorova acid. 
Sulphuric acxix 



Na m. 

(Reftrred to finoia Page 80.) 

TUIa of Aa Indiees of R^raction €f tevercd Glanetand Fluids, 



Water • • • 
ISBlatlM of J 



I 



OUorTv^l 
pratiM 5 

CrownOlMi 

CwwaOlan 

jiiicoiMi 

rUalOlHi 



ladlanor BaftactloB fcr Um Sctcd K«y« la the 

ia/r* W' witb tha feltowlai Uttwa. 



B 
Bad ngr. 



iHioo i-noeas i •331712 

W16 l-SBeaB 1*400516 

0-wl 1*470496 W71530 

8-83Bll*SKeS2 1-BUB46 
VtU 1*664774 1-566888 

s-Tsa i-«n748 1'Caosn 



MI8 



l«a048 



o 

Badi«r- 



1408800 



D 
Onngs. 



l'SS3677 
l*40e805 

1-474434 

1-6B95((7 
1-660075 
1-635006 
l-60e«94 



l<S3686i 1-337818 
1-406088 

1-47S383 

1-533005 
1-568150 
l-64a084 
l-6l46as l-dB0O48 



1'481736 

i-63eoss 

1-S08741 
1 



o 

ZitfffB. 



1411899 
1-418S7B 

1-488196 

1-5418S7 
1-673535 
l-e00B86 
1-890778 



B 
▼lotat. 



1-8M177 
1-4188 

1*488874 



1-579470 

i-eno8B 

lif«0»8 



2B 



NOTES 
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NaL 

(Referred to from artide 38.) 

If the remark of Mr. HerMhel be admitted, the odDBeqaeiioe may b« 
drawn in relation to all the simple gaees, excejyt oxygen, that their ab> 
aoliite refiactive powen will be ezpraMed by the equare of the index 
of refiactkm, dimmiahed by unity: for in them, the inpecifio gravity it 
directly pioportiimal to the weight of the atom. The aame remvk 
appUei to the vapon of simple bodies, and to many compound gases. 

If the specific grayitjr, and weight of the atom, of hydioffen be caUe4 
mtitv, the specific gmvity of nitrosen, chlorine, &c. will be eispresMd 
fay the weight of the atom of eacn: hence the square of the index ot 
Km dims 



nminished by miity, will be, by the process directed in artida 
32, multiplied and divided by the same quantity. 

The Inflammable substance hydrogen, instMd of presenting & htth 
mtiinsic refractive power, would occuaya few place on the scucm^uU 
chlorin e would rank high upon it. 'Hat consequence was observed by 
Mr. Herschel himsel£ 

No.IL 
(Referred to from article 60, page 67.) 

Tins remark in relation to the absorptive power of water, flioagfa traa 
Ibr moderate thicknesses, in relation to the colored rays of die speo 
tram, appears, by a recent discovery of Signor Melloni, not to be tnto 
in rejgard to the heating rays. An account of the interesting ezperi- 
menlB which have established this fact, will be more in |rface, in 
oonnexion with the article which treats of the heating power of the 
Irpectrum. 

No. in. 

(Referred to from article 66, page 7D.) 

Thia interesting anafyfeis of the solar speoirura, fay Sir Bavid Bre^nfiler, 
.wiU, probably, have its value to the reader increased by a hiMttBf^ 
toent of the ezpeiiflaeiits finm which the. reiolls, given in pages. 69 .and 



7(\ were dedoDBd. The raatler of this note is twen ftom a papera-ly 
Sir David Brewster, in the Edinburgh Journal of Science for October, 
1831. ♦ 

1. The first position is that, " red, ysfloio, and Hue lij^t exist at every 
point of the solar spectrum." The eye gives evidence of the existenoe 
of red light, in the red, orange, and violet -spaces, which, together, coo- 
atitate more than. half the.&igth of the spectrum. If the Uue.Vid 

* And Edinkurgk Tnuu, VCt. XII; Part. I. 
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indigo ■paoM be trammitted thnrngh oUre oil, the light beoomes of a 
violel tint, rendering evident the red, Dreviouriy existing in the Une 
and indigo, by abeoroing rays which had Deutralized it In the yeUaw 
and green spaoei the exifltenoe of fed is (Hoved by showing that while 
li^t may be detected in them. 

YeUow light is recognised by the eye in rather more than one-fiift 
of lh» lengu of the spectrum, namely in the orange, yelloiv, and g^eea 
spaces. It may be proved to be present in the blue and indigo spaces 
by many experiments, among which is the one already described, in 
which a violet tint is developed, by passing the spaces through oiive 
ml : the tint absorbed bv the oil cannot be red, beoftuae violet, reddiah 
bloe, iihBDade to appear "by the transmission; it cannot be blue, lor Uue 
taken fiom blue will not leave violet ; it is, then, yellow, which mixed 
with the red and blue had formed white light, at this part of the epee- 
tnim. Farther, tfie spectrum examined through a deep bine giasa, dbows 
green in the blue space, and through a transparoit wafer of gelatine, 
produces a whitish band in the same space. Vellow Is shown to exist 
m the red space by examining it through a prism of port wine, Ae ra- 
fhicting angle of which is 90*^, and the v^le of the red space ^H^^wf^ 
a vellowish tint by the absorption of the blue rays, by certain thickneeaes 
or pitch, balsam of Peru, &c In the violet space, owing to the extreme 
Acihty with which that color is absorbed,'' and the extreme fiuntness of 
the mys, yellow light has not yet been detected. 

JBtitf Ikfat is perceptible to the eye through more than two-thirds of 
the length of the spectrum, that is m the green, blue, ind^o^ and violet 
spaces. The absorptive poweis of pitch, baham of Pera Ae., show 
^reen light extending considembly within the red space ; and tlw blue 
IS fiffther proved to be spread throughout that space tyy the yellow tinge 
which it assumes, when viewed through the media already alluded lo; . 
a tint which could only result from the absorption of blue raya. 

2. Tl'fttte light exists, at every point of the speclnim,' and may be in- 
sulated by abtorbins the excess of the colored rays at any point. 

Bv a particular thickness of smalt-blue glass, the yellow space, the 
brigntestof the spectrum, becomes ereenish white, ana, widi a di^rent 
tdue, reddish white. A mixture oi red ink and sulphate of copper re- 
duces the yellow space to nearly a white, the tint oeing slightly red 
when the ink is in excess, and green when there is too much of the 
solution of sulphate of copper. By particular methods, not described. 
Sir David Brewster states that he has succeeded in inmiinriT^g white 
li(|dht in both the orange and green spaces. 

The curious property possessed by this white liffht of not being de- 
iXMnposable by refiaetkm* is a powerful support of the new theory of 
the spectrum. 

• By a principle of absorption applied to the heating raya of liie solar 
I^MCtram, and which will be described in a subsequent note, the exist* 
enee of a spectrum of heating rays, exceeding in lenjgtfa the three oolond 
ipeetra, is proved, bringing a new analogy to bear upon this question. 

1 

NalV. 

(Sefsired to flrom article 71, page 8B.) 

Comparative experiments on the heat in difierent parts of flie aolv 
spectrum, require the most delicate instruments The new branch of 
seianoe, tbarmo-magnetism, Inmiiihed Signor Melloni with a nrach more 
libla liwaDa of measuring temperature than the oommon tfaennoai- 
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dta, dud«1t. hy the mngneliD currents develop«l by heat, in a baUeiy 

By the aid of thii iimnuiwni, he found ihst tbe heat aecoinpanyiiw 
the violet apace of Lhe apecmini, from a crowri glan priflni. was ml at all 
absorbed hy pure water, while a imall portion of the heal in the, indigo 
■ma abBortied, a greoier portion of Ihat m Ihe blue, and bo <m Ihiough 
the colored spaeee and inio the invieiWe hearing niyB beyond Ihs ipec- ■ 
tram, the eitreiae ray* of which were entirely abaorbed. ■ 

The relalive degtieeof heal in the spectrum fbtmed by a CRiwn 
ghB prism, which, however, it masl be recollecKd, has alHHbed ih» 
Uf mieqnaUy, is repccKnted by Ihe annexed diagnun, in which th* 



tempeiatnreB i (he lengths of tte ordinate^, and of coume the relatiTa 
degreea ofheat, being eT]:7e»ed by the ntunbcra written above ihetn r thoa 
the snnuni of heat in ibe middle of ihc ipacc r, the viiiel space, compared 
•iihihatin the middle of Ihe Uvespoce h, is as £ 10 9 ; with the middle 
flflheredspBcer,B«2io33. The pmnis marked 26, 12, &c beyond (he 
colored space r, correspond lo the bonds, in [he Bpectrum. having, re- 
•pemiveH'. Ihe nrae temperalurce as [he middle of ihe yellow, iri' ihe 
ffeea, of the blue, &c By pawing the spectrum Ihiough a Ihicknes 
of less than a tnallUi of an mch M water, cnuoincd iietween platea 
of [bin glB» with paiallel mrfkca and fiee from deliscia, the beating 
pnven of Ihe Mvenl i^ became is reprownled in [he lower curre j 
none of Ihe heal BCconi|Htying the violel myi having been abaorlied, 
a little of thai accompai^rinff uie blue, and ■> on increonng as the le- 
fiangihility diminished, until in the land, % 0, having the same lem- 
reralure at the violel. all ibo heoiiiig ra}* were absorbed. IHfieieni 
media stopped the beating tm in difierent degrfo, Ihme of higlwt 
refiartive powei* peitnilting [hem lo pan Ihoie readily liaa Ihoee of 
lower powem. 

AltlKiugh Cfao sutiject cannot be considered as fully developed, we 
are able lo undelslaiid by il, why Seebeck found (he point of greatest 
beat to vary, aoccnding lo the nia(eriBl of itie piiHu used (a form (he 
^IMcirum, being in (he red when a prism of cmwn gISK was used, aiyl 
in (he yellow when water was Ihe reiracdng mnlensJ. Melloni found 
lbs giealsK heal in the onui^ after paning the spectrum tbrawd ^ 
Ihe crown glass prism through water, as appeals by ibe diignm, in 
which the grealeet heat in dM ie<) and yellow are SO, eitd in the oianse 
is SI. Seefaeck (bgnd the point of giea(«*1 beat in Ihe yelknv, when Ihe 
iram contained wMer; a sufficiendy near coincidence wi(h Ihe cd>. 
wrvetion of Melloni, if we consider ibaiin the eiperimenliofSeebeck 
Um rm jt were eipesed lo aheorpiion by tbe glan Ibming (be boUow 

SB2 
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llcUooi to tfk0 •ibntptkm by Ifae crown glaa prinn iint, and dien to 
that fay two platei of glaaa and the water contained between them. 

The power of trannnitting the heating raya without absoqitioa 
beiQg greater aa the refractive power ia ^[reater, according to the taw 
before referred to, we should expect that in flint glaaa the ^[reatest heat 
would lie fertheat fiom the violet end of the apectrum; in plate and 
crown ghM, that it should be at a leas distance fiom tha^ end ; in sol- 
idiuric acid and oil of turpentine still leas; in alcohol and water yet 
nearer to the violet end : and these deductions we find, by consultiiig 
tiM toble on page 88, to be correct. Minute di&rencee, which could not 
be detected fay the instruments used fay Seebeck and others, in the poinii 
of neatest heat as given by that table, will probably hereafler appear. 

The experiments diacuawd in this note authorize the addition of a 
fimrth spectrum to the three colored spectra xenreaented in fg. 5U 
namelir, a heating spectrum containing raya whiiui are leaa refiangifala 
ihan the extreme red lays of the apectrum. 



NaV. 
(Referred to from page 116.) 

The midolatory hypothesis represents in so simple a manner the phe* 
nomena to which Dr. xoung applied fais ^irinciple of interference, that 
I have been induced \o refer to it here, with a view to a eeneral explfr 
nation of the hsrpothesis. The reader will be beUer aatiafied if he take 
up the subject, as briefly referred to in the 84th article of the text, be- 
fine entenng upon the account to be given in this note. Aa stated in 
that article, the hvpothesis of undulations supposes all space, the planet- 
ary spaoea as well aa the interatioea between the particlea of bodies, 
to be occufHed by an elastic medium, or ether, which ia pat in aetata 
of vibratory motion by luminous bodies, and in which impulses are 
propagated according to the same mechanical lawa, aa the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medimn, 
the particles immediately about the point have a vibratory motion im- 
pressed upcm than, or a motion to and fio ; this they communicate to 
the a^^cent particles, and thus a wave is formed, which spreada about 
the point as a centre, just as the wavea formed by a atone, thrown into 
still water, spread around the point at which the stone 8tru<^ the aur- 
fece. As these waves would communicate to a floating body which they 
might meet, an impulse in a direction radiating from die point where 
th^ oriffinated, so luminous wavea striking the retina, give the aeua- 
tion of fight in a similar direction. 

In the annexed diagram, let A B, Na 1, repreaent one of the directiom 
in which the impulse given by a luminous Iwdy, is propagated ; we shall 
find, acoordinx to the h3rpotheaiR, along that line particlea of the elaatic 
medium, or emer, having all ratea of motion, fiom reat, or when the mo- 
tion ia nothing, to the greateat miMdity of the vibration ; and in the two 
opposite directions, fiom A towanu B, and fiom B towards A. For example, 
let the particles at A, D, and C, be at rest, then if fiom A to D we &d 
particles moving towards B, dieir velocities, or rates of motion, will be 
iband increasing between A and of, mid-way tnm A to D, and then de- 
creasing between a* and D; between DandC the vibration will be in the 
oontnuy direction, namely, fiom B towards A; and the T^ocitieB aAef 
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i nfrwiMiy toy, will diminiihtDC. The dktance between A ■ndCmclndct 
aU yelocitiei fiom nothing to the greatest, and in the two opposite direo- 

x'lro.l 
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tkxu A Band B A; the same would be trae of C B, if made equal toACf 
dus distance A C, or C B, is called the length of a wave, and it is this which 
in red light is 256 ten raillionths, and in violet light 174 ten millionths, 
of an inch (see page 119, text.) To represent to the eye the velocities 
of the dififerent particles of eUier between A and D, the curve A a D 
is described, in which the wdinates, or lines in the same direction as 
o^a, repretent these velocities, as, for example, a' a the velocity at of; 
tae particles between D and C vibrating in a contrary direction, the 
curve D 6 C, representing their velocities, is traced on the side of the 
line A B opposite to A a D. In the same way the velocities between C 
and £, ana between E and B, are shown by similar curves, on opposite 
•ides of A B. Let No. 2. represent a Sjrstem of waves in which the 
lengths M P and P O are equal to A D and< D C, and let the motion 
between M and P coincide in direction witfi that between A and D, the 
curves of velocities M m P and A a D coinciding, and the motion be- 
tween P and O with that between D and C, the curves FpC and D ft C 
coinciding; then it is plain that the motion of the particles between OQ, 
C £, and Q N, £B, &c. will be the same, or that the undulations will 
coincide throughout; one undulation will, therefore, add to the efiect 
of the other, utd the light will be the united light produced by the 
two undulations. The same will be true whether the point M coincides 
with A, with C, or with B, &c. ; that is, whether the lengths of the paths 
of the two rajrs A B and M N are exactly equal, or difier 1^ one, two, or 
more undulations. If the rajnB, instead of moving in the same direction, 
meet under a small ancle, the remarks wiU stm apply ; and the first 
result, stated on page 115, text, is in accordance with the hypodiesis, 
under consideration, namely, that bright spots, illuminated by the sum 
of the two lights, will be rormed when the differences in the lengths 
of the paths of the rays, are d, (A C,) 2<2, (A B,) 3 <2, &c. 

Next let the curves described in No. 3 represent the velocities in 
another system of undulations, SV and VUbemg equal to ADandBC 
in No. 1, the particles of the ether between S and V, as shown by the 
curve, being in a state of vibration from T towards S, those between V 
andUfiomS towaidsT,andsoon. If the raySTin Na3 were brought 
to coincide with A B in No. 1, die point S being placed at A, tnm 
paitjcies between 6 and V 'm Na 3 moving in opposite directiom from 
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tlloie between^ A snd D, and diow between V and V in opporite diree- 
tioiH from thoae between D and C, and dieir velocities bemg sappoaed 
equal, their motions would dearrov each other, and the wave would be 
destroyed, or darkness would result. Thepath S T difien from A B by 
the distance S V, or half an undulation. The same would be the result 
if Na 3 beeon one undulation to the left hand of S, or two or more un- 
dulations, that is if the path S T, No. 3, difiered from A B, No. 1, by one 
and a haU^ two and a half, &c. undulations. As the same consequences 
would follow, if the mys S T and A B met under a small angle, wre infer 
(pace 115, text) that wnen the difference in the lengths of the paths, 
of the two pencils of rays, iB^d(AD).Ud (A£X 2^d,&Ci, ** instead of 
adding to one another^ intensity, they aestroy each other and produce 
a dark spot." 

NaVL 

(Referred to from page ISO.) 

pR>fesM>r Hare has observed, in relation to the transluoency of cold 
leaf; — ^"Gold leaf transmits a greenish light, but it is questionable^ 
if it be truly translucent. Placed on glass, and viewed by transmitted 
light, it appears like a retina. It is erroneously spoken of as a continuous 
•uperBcies.'* The nature of the process by which gold is reduced to 
leaves, strengthens this conclusion. 

On examining sold leaf by the solar microscope, I find in it innumer- 
able rents, and also various gradations of thickness ; the rents have 
dieir edges colored, a blue frmge appearing on one side, and a reddish 
brown on the opposite side ; the thicices^parts transmit no light, uid 
through the very thin ports adelicategreenlight is transmitted* The 
■uHkce thus exhibited is very beautiful. The rents are visible to the 
naked eye, when the leaf is very strongly illuminated. 

No. vn. 

(Beferred to from page 337.) 

Tlie following classification of colored bodies is alluded to in the text 
as riven by Sir David Brewster, in the life of Ne%vton. The colon of 
each of the classes require, in his view, to be explained upon difl^rent 
principles. 

1. ** Transparent colored fluids, transparent colored gems, transparent 
colored glasses, colored powders, and the colors of the leaves and nowen 
of plants." 

The colors of diese bodies are derived from the absorption of partien- 
lar cobred mys: thus, water at great depths appears red by transmitted 
light, owing to the absorption or the blue and yellow rays which with 
the Kd constituted white light ; certain thicknesses of nnalt^blue glass 
appear intensely blue by transmitted light, virfaile at neater thicknesses 
the fflass appears red. In the case of opaque and colored bodies, as in 
the leaves of plants, we are to suppose certain rays to be absorbed by 
the indefinitely thin film through which the rays reflected fhim any 
surface may be supposed to pass, the complementary tint being reflected; 
as all the incident tizht is not reflected, the transmitted tint will be com- 
plemenary to the C(Mors absorbed, and thus the body will appear of the 
same coitolr by both reflected and transmitted Ug<ht Colored p o wders 
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'w(ml4 aeem not alwaya to belong to thk daa, liiioe muof of them 
diange dieir hues with a changie in the size of the pBitides. 

2. «*Qxidalioii8onmetal8,a>lonoflAbnulorfe]dflpu',odonof]^^ 
and hydrophanoos opal and other opalescenoee, die odon of the feathem 
ef Iriraa, of the wings of iinectii and of die M»iee of firiiei." 

To theae the Newtonian theory ii Btrictly applicable. 

3. " Supeifidal colon, as those of motoerof pMil and striated sur- 

5. - Colon fitm die ahsorptian of commoii and polarized ligM* by 
doubly refiacting ciystals." 

6. *Colon at the snrfiices of i^edia of diflbrent dispenive powen." 

7. ** Colon at the sur&ces of media in which the reflecting ibroas 
•xlend to difiennt dislanoes, or follow diflerent laws.*' 



Na Vm. 
(BefSmred to from page 251.) 

Tlie philosophic toy called by its inventor, Dr. Psris, the Atuamalrepe, 
or wonder-turner, illiutrates veiy perfectly the &ct of die dniaiioD of 
in mnaM ons on the retina. 

On one side of the card, represented in the diagram, b drawnm cfaarioC 




and horses, and on the opposite ride the charioteer; on causing die cssd 
to revolve by toming the strinfj^ C and D between the thumb wad ftra- 
dnger of each hand, the charioteer appean in the act of driving the 
chariot, ss in die figure. It requires but litde skill to give to the card, 
ezacdy die motion, which shall perfecdy unito die two olneciB on die 
opposite sides into one pictore, and yet not render it confused by the 
rapidity of the turning. Mai^ amusmg iUusfiratians accompany die toy ; 
lor example, Hariequm and Columbine are painted upon oppoaito sides, 
and by a torn of the card are seen to join in a dance: royalty, sti^]^ 
of its robes, occupies one side of the card, and the robes the opposite, 
the robes are donned by a turn : a potter seated at his wheel moukUmr 
die unformed day, occupies one side of the card, and an urais naqiad 
fay an arm on the revene; on turning, the urn appean grasped by the 
poller*! aim, the foot of the vase being yet unfiniahed. 



▲ TSXAXm OS OPTICS. 



Na DL 

^fened to ftom page 961.) 

BefMnf to lus new aimlyM of the tobr ipeoCnMii, (Sir Dbt^ 
ter ■dvanoM the feUowiiig faypotlieni to account lor oeitam of Ifae 
caiet jort delaOed* 

**By means of this analysis we are now able to explain the iih» 
nomenon ofaeeired brthdae who are inaenaihie to particular ccMon. 
(Edin. Joam. Sc Na AlX. old series. Na IX, new aeriea.) The efsi 
of sach persona are blind to red liclit ; and when we afaalract all the 
red rays from a spectrum ooostitutedasalreadyt deacribed, there will be 
left two ookns. Hue and mBmo, the oqly ooloia which are gewyiiy^ bf 
ttose who have this defect of Tisiaa. To such ma, light m alwm 
aeen in the red space; bat this arises from the eye oeing aenwMe to lit 
ytUow and blue rays, which are mixed with the red fight. 

Hence blue light will be seen in the place of the «»Me{» and a cieenidi 
yeUtm wiU uppeur in the orange and red spaces, or, which ia ue ame 
thing, die nectrwn will consist only of the jfellaw and tfao Hue spectra 
mie physuMogical fiutt, and die opdcal principle, are therelore in perfect 
•oooraanoe; and while the la^ givea a pieciae explanation dT die 
fi>rmer» the fcimer yiekb to dw mer a new and an unexpected sap> 
port" 

. The details of die cases referred to, fiilljr sustain this concluaia 
There are other circoinstances connected with them, and with o^os 
described in the text, page 260, not unworthy of notice. 

In the second of the cases deacribed in the Journal of Sdenoe, Na 
XIX although the individual never ftiled to detect a full blue or a 
full yellow, he seems to have had very imperfect ideaa of likoee cokxs 
when presented in a state of mixture ; green, as such, he did not know, 
and wnen blue was diluted with yellow, ferming what to a good eye 
would appear yellowish sreen, the Uue tint eec^tped him, and the mix- 
ture appmred yellow. In like manner, his dJMirimination of yellow, 
when mixed with blue, was very defective ; he caUed grass green 

Sallow, and yet ydlotmth green appeared to be ** vf Ilow with a good 
eal of blue in it** This remark may serve to explain why die same 
white seen at different times, appeared to him to vary in its tint, at one 
tune being white, at another ** white with a dash ofVellow and blue," 
at another ** white with yellow and blue in it" when requested to 
arrange colors so as to produce the strangest contrasts, he divided them 
into two claases, to ooe of which he gave the name of Uue, and to the 
other ydlouu In these contrasts he invariably placed white among the 
Uoea, and was never perplexed, as in the wececUng[ examiiuMious, when 
tasking himself as to the precise shades. That white dbould be classed 
by him as blue, appears consistent with the other observations, &r 
being blind to red Bsht the tint of white should be that which appears 
when red is removed from the spectrum or a bluish green, which tint 
he nw as a Hue. 

In examining other cases we shall find reason to be aatiafied that diia 
UindnesB ext^ds to light of other colors than red, and that in dioae 
cases also there is a want cf discrimination between shades in mixtures 
of die colors to which the eye is sensibla The Plymouth tailor, whose 

* EiiMbwrgk Trmns, Vol. ZU. Part L, or £dte. Journal^ Sdemse, Na X 
aew series. 
1 8ea text, p. OB. 
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tm9 k deicribed bv Mr. Harvey (lee pas e 260, text), teemi not to ha¥t 
been entirely blina to red light, and to nave been in a meaanre blind 
to blue; thna the piamatic spectrum appeared to consist entirely of 
yeUom^ and %A/ wte ; the red, orange, and vellow spaces appeaing 
aa if red had been withdrawn iQrom them, while the full blue, the in- 
digo and violet were Ug}d, blue, and dark blue and indigo stuffi ap* 
p^u«d to be Uackj and crimson was either Hue or Uack. A dark green 
ne regarded as hrou>n^ by v^hich, since he was blind to red light, he 
must nave meant a shade of black; and light green as orange, by 
which, for the reason just stated, he meant a variety of yellow. The 
blue in Ix>th these mixtures escaped his perception. 

An extreme case seems to have occurred in the vision of Mr. Harris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
only distinffuish Nock fiom loAt/e, or was entirely biind to colors. 

It is mudi to be desired, for the elucidation of this curious salject, 
UtaX more well examined cases were on record. The colors ot the 
spectrum afibrd rigid tests, not to be ibiuid in colored stuffi; and by 
such tests only, the minntiai of peculiarities of vision can be aatiifiio- 
torily determined. 
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ADVERTISEMENT. 



The object of the following Appendix is to place in 
tha hands of the students of our Colleges, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

.^rhe work of Sir David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied to 
the investigation of the different branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction. 

It may not be amiss to state, that I do not present, to 
the notice of instructers, an untried course, but that most 
of the propositions in the following pages have entered 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in HerschePs Treatise on Light. 

A.D.BACHE. ' 

PBiLABBLraiA, JforcA, 1833. 
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CHAP.L 

BEFLEXION BY fJPHERIOAL AND PLANE MIRRORS* 

(1.) In considering the cases of reflexion fiom spherical or plane 
•or&oes, two diviskniB will be made : in the first, the axis c^ th» 
incident pencil will be supposed perpendicular to the sur&ce of the 
nurror, in the second, oblique to it ; in the first case the pencil is 
termed direct, in the second, cUique, 

0L} Pnop. L 7b determine fAe form given hy reflexion to a omaU 
direct pencil ef lights proceeding from a point in ike axie of a 
mirror* 

Case 1. In fi^. 8^ p. 18 of the text, let A represent the radiant 
point of a pencil of diverging rays, F its fi)cas, and C the centre 
of a eonoave mirror. Gill AD s= tf , FD »= v, and CD s r. The 
angrle of reflexion FMC being equal to the angle of incidence 
AMC, the line CM bisects the vertical angle of the triangle A3£Fi 
whence (Legendre's Gcom., Book III., Art 201., or Eudid, VL 3.) 

AC I AM II FC I FM, fa 

AC _ FC 

AM FM 

Thependl being, by suppoation, very small, the point JIf is Tery 
near to 2>, hence ror the approximate yalue of AM we may take 
AD, and fiir that of FM, FD. The equation just found becomes 

AC _FC 

AD FD ' 

By the notation adopted above AC ss AD — CD sa u — r^ and 
JsiQxaCZ) — FDar-— V. We have there&re 

u — r r — V ^, 
ss • or 

u V 

r r 

1 — — = — — 1 , whence 
u V 



* Throughout the Appendix, the itudent ii iuppoied to bs acquainted 
with the eorresponding chapters io the body of the work. 
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dhrldini^ by r and transpoaiig 

-L + J- = A (a) 

u V r 

(3) Casoe 3. We next proceed to the ease in wlii<^ a converging 
pencil fidk upon a eoneow oinor. Fig^ 10^ j** 20 of the text 

AM, AN representing^ the two extreme raya of the pencil, con- 
TBTging to A\ the imagrinMy ndiant point, MF and NF are the 
xeflected rays- The radius CM therefore bisects the angle AMF^ 
the outward angle of the triangls vA^MF, and (Euc VL A.) 

At) _ FC 

AM "" FM ' 

bM fbt AM and Far We BiSay sobstHnttf AD and Fi>, tfaedr ap 
ptekimlOe vahies^ whence 

A'C ^ FC 

AD *^ FD ' 

Using the notation befiure employed, AD b u^ FD <= «, and 
DC tsa r, wlience ii'C as u -f- r, and JP1C7 a r — u; these vahm 
■obstituted in the equation just found give, 

— :i— = , or, 

II 9 

tt V 

•^ — — sas — ^ • • • • • (b) 



tt o r 

(4.) Comparing equation (b) with <a) we ftid that it difSsrs fiom 

It only in the sign of — which is positiTe in (a) and negativ« in 

(b); both these cases ma^, therefore, be represented by the same 
equation, if we agree to give the positive sign to the distance ot 
the radiant point for diverging rays, negative for converging rays; 
that is, if we consider the diitance (u) positive, when the radiant 
point is in front of the mirror, negative wh^ it is behind the 
iliinroif* 

I^ then, i. u represents the distance of fte radiant point ftom the 
mirror, will denote the degree of divergency or ccnvergency 

of the incident rays. In like manner, -^ will represent the ocn- 
ve rg e ncy of the refle c te d rays. From equations (a) and (b) 

— 4- JL =sA 

i. u V r 
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where r is a oenstant quantity ; a result which may be thus ex- 
pressed : the divergenof (fir convergent^) of the inndent raye to- 
gether vrith the eonvergency of the reflected rays tt a eonetani 
quaniUy for the eame mirror. The corvatoie of the mirror is 

measnred by — , the reciprocal of the radios. 

r 



(5.) CjMtZ* Diverging TmyBM^jognpaatLeomoex-wk^ .Fig»,1Si»9 
p. 21, text 

The line CM^ bisects the oatward angle of the triangle AMF, 
whence (Euc. VI. A.) 

AC _ FC ^ 

am'^ fm' 

enhstitnting their approximate Yaloes fiir ililf and FK 

AC _ FC 

ad" fd' 

and by the notation adopted in the cases already considered, 

l + I = !±£ , whence 
« e 

4--JL==_A (0 

II o r 

On comparing this equation, in which we have made _ posi- 

II 

tiye as it corresponds to a real radiant, with (a), we perceive that 

1 2 

tbeeignaof both — and Jl. are different From the fign^ we 

V r 

observe that v corresponds to an imaginary focus,, and that the ra. 
.dins is mom behind the mirror* Kqnation (a) may, then« be nsod 
to represent this case if the sign of the radius be changed ; the xe- 
suhins' negative value of the rocal distance corresponds to a ibcus 
behind the mirror. 

(6.) Case 4. Conoerging rays fijling upon a €onoex mirror. The 
ftrmula for this case may be deduced ftom Jig» 13., if B JIf and 
JliV be made to represent the incident, and MA^ NA the reflected 
rays. We should have by proceeding as in the last case, 

FC ^ AC^ 

FU^ AM 

FC AC 

FD^ AD^ 

and sfaioe FD » «, F befaig the imagniiiy n^ant peiBt»-aBd 
uUDase, A being the ftous; FC««r— «r, and ACmmt J^ • 
whence 



♦ or 
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Iirif = !1±JL . or 

U V 

_J- + JL=_A (d) 

« o r 

the fint term bebff made neffativD to oorrespoiid to the case of 
«Qiiv«rgui|f nys. This fimnaU difien fiom (c) in the sign of 

£. , which was negative in (c), and in that of _ • Tlie figure 

■hows that V in this ktter case corresponds to a real ibcus, whik 
in tibe fenner — v denoted the distance to an imaginary SaesoB. 

The change of sign in ~ conforms to the remarks made is 

article (4.) 

(7.) Comparing the four eqoatioos (a) (h) (c) and (d), we per 
ceive that the formula 

i + i-^A (1) 

u V r 

may he made to include them all, bj attributing to it, and r, respeo- 
timj, the positiye sign when the radiant point or the centre is in 
fiiont of the mirror, the negative sign when either of these points 
is behind the mirror, and by considering the positive valne of e as 
corresponding to a focus in firont of the mirror, its negative value 
to on^ behind it 

(8.) We might have commenced by giving to the stadent this 
conventional mode of considering the quantities used in the an^ 
alysis, and then have deduced the general equation uy reference to 
a single diagram : we have preferrra in the outset to show him that 
the variations in the algebraic signs are not arbitrary, but required 
by the geometrical relations of the quantities. 

From the formula 

l. + ± = ± (1) 

we deduce the general rule, that the sum of (he vergejicieti* of tkt 
uuident and r^Ucted penciU i§ a constata quantiiy, 

(9.) Having obtained an equation (1) expressing the relation be- 
tween the distances of the radiant point and focus of a small pendl, 
hy means of the radius of the mirror, we shall proceed to interpret 
it in its application to different kinds of mirrors, and nnder di^renl 
circumstances of the incident penciL 

- * TUB aoQvanSsnt teini, ea pf as si na. as tlie>ieaae may be, either di vsrfcnejr 
or eoBvargeaey, ii propoaad and ased by Uoyd in hii TVeatiae oa Light and 
ViaioB. 



« 

Pliop. II. .W^4€Umim the form givfn H mnaU fencUtffr^ by 

re/lexian from a plane mirror, 

o 
In the plane inirr6r the fadfas is kLfinite,<ir ~ — ess or, Whence 

ftom (1), 

h — = (2), or, 

u V 

'Pbb ftens woA rttdiont point an ot aqvd dlManoes ftom Ifaa 
Hibrmr« \M eo oppOiile «ktoii gf it, 

(10.) JfparqMel rajn fall upon the minor ti s oo , and « tss — ao « 
jtf the tefl^cted rayv arA paraOd. This oonesponds to ^ caM 
represented in Jig, 4, p. 15, text 

. tfl.) tt the rays dherge before reflezioii, the fcrmifla 

shows that thej win be equally divergent after nBfiriiaa} an4 

» = — u 

that the ftcos is a» far behind the micnir at tho radiant point is in 
front of it Fig, 5., p. 15, text 

' (la^ !Bof ^don v tr ging taiys {JIf, % p. 1$, text,) « tatot >flie twga, 
tive sign, and (2) beotunes 

11 

^~ »— .— -f* » * * •^B o • • »T» • \fl\ WuCBse, 



e u 

Tk^ 4]|n of 9 beipg iposit^ve the fijiras If jre«], itf dJ^tiuQce ,p in 
front of the minor is equal to the cfistance of the imaginary ra- 
diant point behind it - 

(13.) Prof. III. Reflemon tf a trnaU pencil of light by a imumi 

nwrrot, 

• ... 

Tlie ftrmnla Which applies to this dise is, 

1 J. ^ - * m 

« . o r 

By jlrahspopjtion 

1 _ a _ 1 _ ^^T \^ 

» "" r tt ~^- »r 



dtt— r 
B 
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Thii Tthie of t» ghrm flw nde on p«|pe 19 of the text. 
(14.) When the nyi are jMrsOel — sso. And 



u 

1 3 

— = — • or, 

V r 

r 

• =_. 



Tbfb agn of e bdng pontne shows thai the fbeoe le in fiwut ol 
the minor, and its Yahie ^ , that the fteal dieCanee is half tfai 

ndios. Thia ia lepraaented in Jig. 7^ p. 17, of the text, when 

The fbcoa of paralldnjp is called the iirtncmZ Ibeae. Aa it 
aervea aa a point of comparison &r the fixd of other raja^ we dbsH 

lepieaent ita distance by a aymiw], /. Phcing Ibr .H. its vahia 



•~ , ionnida Q.) beoomea 

05.) The next eaae to be oonaidered is that ottUnergk^nm 
In thia, u ia positiTe and the formula is 

-^ + ~ = -y- (4), whence, 

J__ J 1^ 

e / tt 

Aa laag as « >/, or the point A in ^. a, p. 17, is firtber 
than tlie principal fbcna fixxm i>, we have JL ^ ^ and JL 

1 .. ^ f f 

— — '^ » positive qnantiiy, or the raya converge after re- 

flexion. Since 4 ^ -«^4- » ^ ^^^^ — ^— . and 

9 >f, or the fecDs is ftrther from the mirror than the principal 

If we snppoae, besides, that A is beyond the centre C, we have 
ii>r, and -L<JL, whence JL _JL,or-l ^ ^^ 

1 1 1 '^ 1 
_ ,or>..^, and --->. — • or o < r, the focal diatanoe 

m leas than the radina. 



,ar. 
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We infer, then, that rays divergii^r flom « point teyood the 

centre of the mirror, are reflected to a point between the prinapal 
fecus and the centre. 

As — diminishes in value, — evidently must increase, or, 

93 u increases, v diminishes, and vice versa : that is, as the radiant 
point recedes from the mirror the focus approaches it, and vice 
Yersa. When the radiant point becomes mfinitely distant, the rays 
axe parallel , and their focus is the principal ibcns. * 

We have seen that as long as the radiant point is. ftrther ftom 
the mirror than its centre {mat is, u > r) tiie focus cannot coineidB 
with that centre (or e < r) which it approaches. If u bs r, or the* 
radiant pobt coincides with the centre, then 

1 _ JL JL^ = _1 _ JL = Jl 

V f r r I r r 

» =B r, 
and the rays are reflected to the centre. 

Let the radiant point now pass the centre towards the principal 

ftcna, that is^ let u < r, and at the same time u >/, or — >. - 

u ,r 

<-L. SinceJ_<J-, J L kstfflapodthra 

^ f ^ f f « 

quantity; the rays are, therefore, still brought to a ibcus: bat 

^^ 111 i„, 2 11 ;„u«„-. 

u r f u r u ^ r 

Z.^— and «>>r; that is, the focus lies beyond the centre. 
V r 

When the radiant point coincides with the principal focus u tmf 

wfaenoe, — ss ..->- « and — = -^ sss^orecsoo . 

u f 9 f u 

the rays are rendered parallel by reflexion. 

If we suppose the radiant point to approach still nearer to the 

mirror, so that u </, we have — >-?-.» whence ^^ is 

u f f u 

negative; that is, — has a negative sign, or the fbcua is 

imaginary, the rays diverging after reflexion. The divergency 
ofthe reflected rays is len than that of the uncident raya^ 

for J_=:_^J: L\. and i ^< — • the di. 

9 \u f / U J ^ 

^ntgeocy befbre leflezioou 



and -L^-L. 
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(l€b) 7W tiiB caM tfeo mergitig njs fafiiiig upon a tancate mir- 
Nt C^. 9^ pii 19, text,) we make, in fonxmla (4), t/ negative ; whence, 

111 rKs 

t; y u ' 

Tbo signi of tfa» quantities on the cight-hand side of tills equa. 
tion being both poritire, — is alwtcya- positive. CaavetigyBif np 

.. •' 11 

an, imuStf, ahnt^s btoag^ to a fteiis. Meremrer, aSnos ±-f ^ 

K / 

^k — 9 _ ^ ..I f or the tcBOtTBt^taxcy Is g^reater aAer^ tliaii te> 
« « « 

fin, reflezioD. Since ^i- 4 — L > -^~, — > .Z-l and « </, 

« / / • / 

whence the focus of converging raya ia nearer the joitzoc than the 
principal focus. 

SuMtoting, in equation (5) for ^ , i£i valutf ^ , and 

1 ^ 

ymng — , we have 

u 

1 _ 2 , 1 

iriunoe thf vahie of o is 



agieeli^ tHth'tfae ttde on p. SO of the test 



mirror, 

fa tMK case, n the radios of liie miiVOr, takes Ite iiefat^^<%«^ 
and equation (1) becomes 

1 . 1 _ ^ CRs 

-» e I* ^ 

(18.> Fatpar^M rays (Jig, 11^ p. SI, text,^ 1^ i±s 4, jthemst 

« r 2 

Tbe il]icu8 is behind the mirror, and! at the distionoe, fi'om t&d 
i^lfftez, of huff the radios. 

If we call the pilncipal focal distance /, the foitnula for the 
Ifezioh bj^ a^fonvex mirror becomes' 

— 4-— = ~4- <^- 

u V f 
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(19.) For J&Borgiitg ray* (Jig. 13., {k 21,) we hm 

and therefitre — is always negative ; such rays diverge after re- 

flexion, and cdnce — '-{ > — , or > , their di- 

f u u V u 

■ vergency is increased by the reflexion. 

(20.) Figure 12. wiH, afi has already been stated, represent the 

case of converging rays fidling upon a convex mirrcMr, if w« sap- 

^ pose BMt and %iv to represent the incident rays, meeting in the 

• imaginary radiant point F, To express this case analyticallyy m 
must be made negative, and the formula b 

= 7- (8)» w» 

J_ _ J 1^ 

V u f 

The position of the fbcus, as shown by this equatioo, peases 
through variations, corresponding to those in the case of diverging ' 
rays nlling upon a concave mirror (Art 15.). 

(31.) It is sometimes convenient to refer the distance of the ra- 
diant point and fiiciis, to the centre of the mirror, instead of to the 
vertex. Formula (1) may be readily transformed into one which 
diall refer to the centre. 

P&OF. IV. 7^ determine the relation of ike distance ofikefocu$ afid 
radiant pointy of a maaU pencil of rays^ from ike centre of a 
mirror. 

By Jig. 8n p. 18, text, it appears that AD=sAC + CD^ and 
FD^CD--CF. Calling ilC ««' and i!*C s i/, CA M he- 
fore, ESS r, AD s u, and I'D s « ; we have u b tt' 4- r, and 
» = r — «'. 

Sabstitnting these values of tt and o in the equatbn 

U r= ..... (1), it becomes 

u V r 

1,1 2 

tt' 4. r r — 1/ r 



B2 



— tr tt 4- r 



t 
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Bringiiigrtoft^BBiinQiidflMmmatortltoqiwntitieii da botk 
of the eqvMtion, and redQciii||r, we have, 

r — w' tt' + r 

r — 1/ ttV4- r 

"■"7 m' • 

5.^4- = -! (9). 

(23.) ThiB equation is the same, ia fiirni with the one fiyond 
irlMui Ae dlrtanoes were eaCimated from the vertex, except ttst 
the sign of vl is nentive, the distances «' and ti being noir 
reekoned in opposite curections. 

Equation (9) might have been dednced directly from the relation 
ofthe lines iiJli;^»; ^C, CF, /f . 8n in te trumgle A^ The 
adntioD of the question hgr that method, would hAve been more 
■impla. 

(23^ If wo suhrtitulB fiir ^, in eniatioii (9), its vmlne 2 , wt 

r / 

have 

47-A-=4- ^^' 

V w f 

Worn this equation, may be deduced thei relation caqvessed in 
the fidlowing proposition. 

(J24) Prof. V. The Pittance rf^ principdl foeua of a mkror frmn 
the eerttre, is a mean proportional hettoeen the aieUmces ^ the 
radiant point and focus if any snuM peneilf from the prindpal 

Equation (10) gives, 



^==y^, whence 

f^^ =1 f^ St — ^z —£- — i,or, 

/-t,':/::/:/4.«', 

in which proportion f-^rf represents FO (Jig, 8., p. 18; text,) or 
CO — CF, and u' -f /, AO or AC -f CO. 

(25.) The subject of re^ezionat curved snr&ces in general, will 
DO treated briefly in a subsequent chapter. The propt^lies of the 



worAjomfbrtMA by the wvohitioii of the ponbola tad clSpse about 
llieifr axes, an readily underatood, from yery simpkB feoraetrieal 
oooflidentiaDfl^ and gain nothing by being presented analyticaHy. 
They will) ho(w>ever, he referred to in another part of this Appendix. 

(26.) We' pass next to the reflexion of a small Mimie pencil by 
a spherioal mirror, on which subject two propositions will be 
given ; in the first will be considered the case in which the axis 
of the pencil does not cross that of the mirror, and the pencU falls 
vpon the mirror near to the vertex, and in the second, &e case in 
which the axis of the pencil crosses that of the mirror. 

^.) Piop. VL A §nuiU pencil hmng ttt mJMtiil ftmd out vf ^ 
ax%9 of a mirror ^ meets ike surfaee near the vertex^ required the 
form if the r^leded peneiL 

Fig, A. 




Let LMN represent a section of the mirror, made hj a plane 
passing through the lines MR and JtfC, or through the axis of th^ 
pencH- and the centre of the mirror. RL is an extreme ray of the 
pencil incident very near to M^ LF is the eolrresponding reflected 
ray, meeting the reflected ray Jlfi^, which correaponda to the axis 
of the pencil, in the point F. F is tbe Ibcuv of the pencil LRN, 
in the plane of the section RMC, 

(38.) To determine the £>cu8 of says which meet the mirror in 
a plane perpendicular to RMC;. suppose a plane to pass through 
RM at right angles to that of the figure) this plaoe will cut &Sna 
the pencil, RLN, two rays, which reflected will meet the axis, JHF, 
c/f the reflected pencil, in the focus required. If^ now, a phaie'^ 
passed through one of the incident rays, just described, and the 
corresponding reflected rvr^ it wiU pass through the .centre of the 
mirnnr; the hue 12C, 'joinm|r the radiant point and centre, will be, 
therefore, its intersection with the plane jRJIfC containing the axis 
of the incident and of the reflected pencil; and the pomt, F\ in 
which RC produced meets MF, will be the point in which the sup- 
posed plane meets MF^ that is, the fixais of the reflected penoiL 

The focus, of the reflected pencil, in any plane between RMC 
aad the one at right angles to it,* will be found between Fandl" 

*Gdddf ngton tenba the Ibrmer of these planes the pnaiary pietMt the 
atter, the ••coailary plan*. 



UO OBUQtlB PBRCHm 

(».) To MBnUHiM, aiMlvticaBy, the poiitioii «£ the point F; 
draw from the ▼ertez JU; MX and MZ perpendioilur, ret^ectively, 
to RL and LF; also from C, CP and CQ perpendicular, respec- 
tively* to JZJIf and MP. Aa the arc ItM ia very amall, it may be ooa- 
■idered a straight line perpendicokr to the radios CL ; whence the 
incident and reflected ra^s making equal angles with CL, also make 
equal angles with Lm, and the triangles LMJC and LMZ are 
similar. But they have the mde LSI common, hence they are equal, 
and JtfXiaequal to JtfZ The two triangles CPJtf and CQ^ being 
also equal, CP is equal to C(l. And since CT and CS may be 
eoDsidered as perpendicular to RL and LF, they may be taken as 
cqnaL WhcwseP7« Q& By the similar triangles JZPTaadJUCX; 

RP I RM II PT I MX; 

and by the similar triangles FMZ and FQ/S, 

Q/St MZ:: FQ : FM; 

whence, since PT .= QS; and JMX s JCZ; 

RP : RM :: FQ : FM (e). 

liOt JUTb «, MF» V, CJfs r, and the an^ RMC » f . 

Then, 

JSP . lUr— MP « RM-^ CM . cos RMC, or, 

12P sss M — r cos ^ ; and 

FQ»JlfQ — JM7.= JtrC . cos CMP ^JIIF, or, 

PQ =s r. COB — o. 

By substituting, in the proportion (e) above, for RP, and PQ^ 
fliB values just found, and for RM, and P2K| u, aud «, we have 

« — r. cos ^ : u : : r. cos ^ «— o : «, or, 

tt — r. cos ^ r. cos ^ — u. t\. . ,. - 
L =s 1 , Dividing by r, 

j^ cos » _ cos ^ 1 ,^ 
r u » r 

2!^ + fSi*=J. (11). 






2tt 

— r 



cos ^ 
(30.) T9 interpret equation (11) geometrically, we should ob- 

serve that the ratio of JCX" to HJM; that is, ( —\ , measures the 



\RM/ 



dwMsn^ of the incident pencil LRN. Bat in the triangle MXL, 
MX SSI ML . cos LMXt and since the angles XMR and LMC 
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■ra DMurljrii^aBsfem.ZJlCX'iB nearly eqofl to IWC, or Jffa 
JfL. 001 ^. -— 2 tlierefore varies with J^^!Lt , wbjoh, coDse- 
quently meaflures the vergency of the XDcident rays. In like 
maimer, ^ expresses the ver g ency of the refleoled peneiL 

We infer, then, firom (11), that the mm of the vargencie$ rfth^ 
meident find rej/lecUd pencif U a conBttmt qwrdity. 

If ^ ss 0, or the rays proceed from a poni in ih§ 04rii« <O0 
t cs 1^ and fiicmula (U) becunes 

JL + L ^ A 

tt • r 

apeein^ with equation (1). 



If the rays are pardQel^ ^3= o^ and 



•OS ^ 

tt *" 

— / «= — , or, 
• r 

(31.) To find tiie vosiHon of the point F'tfir thg pUme perptt^ 
Heular to iZJfC, we have, in the triangle RmC^ 

MC : JirA :i sin MRC : sin MCR, or, 

tfaBing tbe angk BCD, % whence MSO «i • -* ^ 

r : « : sin (» — 0) : sm (^ 

r __ sin (g — 0) 

u sin0 

«nd; by substitotbg fbr sin (^ — fy its value, 

r sin g Qoe ^ — cos g. sin ^ 

11" sin 6 

If MF' be called v', we may deduce frooi the triasi^ CMF' 
by a method similar to that jnst used, 

t/ sine 

r sitf A cos ^ 4. cos >. sin ^ 

"V "" sina 

Adding together the valuMt fimnd for — , and JL , and i«. 

ducing, we find, 

1- —-T- = 9 . cos ^ , or, 

tt V ' 



4 

-L + -L = ^°"* (IS). 

SinoB 22!!J. represents the vcrg;ency of the ineident rays, and 

"*^ thftft of the reflected rays, it is evident, from (13), that the 

■am of these quantities, for the incident and reflected rays, in &e 
secondary plane, is not constant for the same mirror, but depends 
upon the angle, 0, of inclination of the axis of the pencil, to the 
Mis of the mirror. 

(39.) Pbop. VIL a 9mdU obUque pencil crMses the axU hefan 
wueHmg the mtrrw^ required th§ form of the reflected pendL 




In the ^gate, A is the radiant point, RL the axie of a small 
pencil, of which one of the extreme rays is RN; MC is the azM 
of the mirror, which is cat by RL at the point D, F ia the focus 
of the reflected pencil in the plane RMV. T' (found ae in the 
last nroposition) is the focus in the plane perpendicular to RMC, 
In tins proposition roust be found, besides the distances IaF and 
LF\ the point F, at which LF cuts the axis, and the relation of the 
angle LYM. to the angle LDM^ which latter angle ia given. 

CbH, as in artide (39.), RL^u^LF^n. LF' i=^v\CL^ti 

a]soletJtfFs«,itfZ>=:&. 

Since CL bisects the angle DLY^ we have, 

YL : DL :i YC : DC, 

or, taking for YL and DL, the distances YM and DM^ which an 
nearly equal to them, 

rar : />jr :: rC : DC, that is, 

« : 6 :: r— « : 5 — r, or, 

r— ar 5— r _ 
= -—— , or, 

z 
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38 



33). 



An equation from which x may he determined. 

The appraximate value of the anrle LYM may he obtainad by 
•npooeiniir that the tangents of LYM and LDM an to each other 
as we diatancea ¥3f and DM^ or. 



tmy 

tiin2> 



YM 
DM 



T 



The diaSaneea LF and LF' win be ghen, as before, by tba 
oqnations 



oos^ 



COB ^ ^__^ 



+ ^^=^5= ^ 



2 

r 



...(11), and 

V+ V T— ^^' 



CHAP.n. 

FOBMATION OF IMAOEB BT RSFUBZIOIT. 



33.) In discnssing the subject of the fhrmatian of images br 
xeflezioD, the sur&oe of the mirror will be assamed to be spherical, 
and the most useful case will be solved ; namely, that of a plana 
perpendicular to the axis of the mirror. The dbjectei of whidi 
images are to be formed by mirrors, when not plane, are generally 
of irregular forms, and toe images can be found, only, fy points. 

Pmp. VIIL 3b determine the image of « jrfenc, 
the tune rfa mirrer. 

Fig.O 




In the ^gan^ let JKZVbe the intersection of the plane constitatiiy 
4fae object, with a plane passing through the axis of the minor. It is 
evident that if a small peneu of rays be supposed le p reeesd Unm 
each point ef JCIV; and the several foci of the peneili be ~ 



miaed, the aMembhce of the pointo tfius SmpA win give the 
imaffe. Fiwn M andTv; llmrtigh C, «ie tefnti* of the miriHjr, dra^ 
JMB and IVJi, the axes of two pencils of rays from M and N, and 
upon which, therefore, the fbci of the pencOs wiH he found. Let 
Urn ham of the peadl, of which MB m Ibe mn% he at f9». 

By our former notation, (art 21.), VO = «', Cm = t/, and €B 
as r. Call CEi the distance of the oh|ect from the centre of VM 
mirror, d; and the anffle MCE, #: then, dnee 

CE^CM. ^oBMCBt 

4a|i'. eoe|« !Dr« 

,_ d 

COfl^ 

The goieral ftnnala, for the rehifion o^ ^e distafioe of the ra- 
diant pant, andfiC the ftcua^ froi!a fl^ ^senttci, wafl» i^ (23*)f 



1 _ 1 . ^ 
and, mbftitiitiDg the value of «', jiut found, 

Tlw polar equation of a conic secfttoA, the hatmHtAAg the pole, 
it < Yewf *• AniibFt <9l«Hn^ Chap, y .) 

r sa ^ 5 • Qr» 

1 4- e.cosftt 

1 1 , «.oos«# 



r -4(1 — * Ji(1^0 
' ThbMMRtoft:iiAbeidestiodwith(14>,if we nli^p^ X 

1 . ^ = ± , «-i = -L , and - « tf. 

The ima^ of ^e line.ilfiV'ifl, therefore, a portion of a come 
iMa, of whieh C, tie centre efthe mirror , is one pfthefoeu 

(34) &nce f^ A(l^e^) ^ a(i^ ^ =t £!,(Analyt. 

Geom.) the aemi-purameter of tiie conic secthM^jaqid / is oonstant, 
it foUowi that the radiue of curvature at the vertex of the conic 
section, which k equal to the semi-parameter, is independent of 
the distance of the object from the centre of the mirror. 

Ca$.) We pioosed to examine the v4iriation in the %diB of die 
' >Ktiin jiirt^faiad, wtoi the 4)8t&nce of the ol^ect {rom the 
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First, let the object be infinite^ distant Then, _ =s. o, and 

d 

= 0, that 18, e ss 0, and the image is a portion of a 



^ (1 — e^) 

eircle, corresponding to the equation _ = , or, i/ r= • 

: v' r 2 

The Radios of the circle is half tiiat of the mirror. 

As the object is brought nearer to the mirvor, d difninishet^ or 

rj increases; but, -1- =r * — - , and, since A (1 — e«) «/, 

o d ^ (I — «*) 

or Is oonstanti s must vary as ---. , and, therefore, mcreases. As 

d 

hmcf as c2 >/, or _ < _ , ^ ^ , or f 

•^ 1, and the image id a portion of an eUipae. 

'^/SThen <f =/, e S5 1, and the carve is a parahola* For J </, 
e >> 1, and the curve becomes a branch of a.ikifperboUt» 

If d s=s 0, or the object pa89es through th^ centre of the minor, 
^ = 00 , and e is infinite, or the image is a ttraigkt line, coin* 

elding with the object. 

When the object passes the centre, towards the mlmr, d ba* 
comes negative, and the equation (14) changes, if we reckon $ fitun 
6C,to 

4 = f-^' <»^- 

This equation gives a hyperbola while d </, a parabola when 
<f s=/, an ellipse when d> f. « 

Each of these cases presents carious drcumstanoes. For ex- 
ample, in the case, d </, if a point be taken In the object, so that 

«' a=s /, that is, = /, the equation fi>r the £)ca} dislanoe of 

cos e 

the pencil pirooeeding fixm that point, is 

— «o, t/asflo; 

the image is infinitely remote fi^m the mirror. If we suppose thtf 
object to be sufficientiy extended to cut the mirror, the point com- 
mon to the object and mirror is its own image, and fixr that point 
tt' cs r, an^ ir a r ; between the points ibr which u'ssr and t^ ss 
/, the distance of the unage has varied firom r to infinHy, and, 
therefi>re, that portion of the object which is between these limitii^ 
has a virtual miage, the part of each branch of which, between 
v' b: r and the vertex, is wanting. 
C 
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Tt|B p«rt <if the object be Ui »wat «' ea J and «' ss /, liaa ' its inM^;* 
bejrcmd the centre; it is the branch of a hyperbola oonjogale te 
thefirsL 

(36.) If the section of the object be an arc concentric with tfaa 
mirror, «' ia constant, and 

V f %e 

is oonatant, or tiie image is also a circular arc concentric with'^ 
mirror. In tins ease, the relative magiutudes of the diject and 
miage are as their distances fixmi the centre of the mirror. 

(37.) We have considered a section of the ol^eot, of the hnagc^ 
and of the mirror, made by a plane passing througfh the axis of 
the mirror ; if these sections be supposed to revolve about the cooi. 
toon aaiai the sectkm of the object #in generate a phuie, and thit 
of the mirror, and of the image, surftoes of revdution oorreqwDd- 
ing to the sections. 

. . (8dL) The ease of a convex mirror is embraced hj equation (14)^ 
if r be made negative. 

For the plane mirror, r e= ao , and — &= o, whence. 



1 
aadtheimn^tt 
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REFRACTION. 



CHAP. UL 

REF&ACfTtOir BY PRISMS AND LENSES. 

(39.) TTie most simple case of the refraction of %ht, is that in 
which it takes plaoe at a pUme sor face. The perpendieolar being 
drawn, the refracted ray is connected with the mcident, by the law 
(p. 39, teztf) that the sine of the angle of refraction bears a constant 
ratio, fiir a given medium, to the sine of the angle of incidence. 
To reprewnt this. law asalytioally, au|q)ose a ray passing from a 
rarer to a denser medium, call the angle of incidence ^, the angle 
of refraction <^', and let the situ of incidence be to that o€ refitic 
tion, as m is to 1, when m wiH represent the index of refraction of 
the den99r nediwo, that of the rarer medium being unity; w« 
have 

. sin ^ : sin ^' : : m ; 1, or, 

sin OB m . sin ^' ..... (17). 
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When the nj pasaes from a denser to a rarer mediam* ^' repre-. 
■ents the angle of incidence, and <p that of refraction. 

If the angles <p and ^' be very small, they may be taken iniAead 
9f their sines, in which case, 

(4fi.) The difference between the angles of incidence and refhic 
tion is termed the deviation of the ray, for a single surflice. When 
the angles are very small, we have, mr the deviation, 

^ — /« m^' — f « (m — 1) ^'. 

^-.f =,5Zll. ^ (18). 

■ ni • 

The deviatton^ therefiwe, when the angle of incidence le sman, 
heete a eomrtant ratio to that angle. 

(41.) The case of the toUd reflexion of a ray moving in a denser 
meidiam, and arriving at the separating surface of the denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in equa- 
tion (17). The ray passing from a denser to a rarer medium, if ^' 
be taken to represent the angle of incidence, and ^ that of refrac- 
tipo, m will remain greater than unity, the angfes being, as before, 
connected by the equation 

m • sin ^' as sin ^ (17). 

In this equation, sinee sin ^ can never exceed unity, m sin ^' 

cannot exceed unity, whence sin ^' cannot exceed , (in which 

m 

case, m . sin 0' ss 1,) or, the equation cannot be satisfied if sin ^' 

>. • The ray then ceases to be re&acted; it is wholly re« 

m ' 

fleeted. 

The angle, at which, light, passing through a denser mediuin, 
and meeting the separating surface of &e denser and of a 
rarer medium, ceases to be refiracted, is found fitim the equation 

flin ^' =< — • If the denser medium be glass, and the rarer, air, 
ffi 

■m ^' = JL = A , whence, f « 41° 48'. 
m B 

. . (42.) Tbephenomenaof reflexion might be derived, analytically, 
from those of refiaction, by considering that the angle of reflexion 
is measured with the same perpendicular as that of refraction, or, 
is the supplement of that measured by /, (see text, flg, 22., p. 35), 
and that the andes of incidence and reflexion are equal, but on 
opposite sides of tiie perpendicular ; so that, in the case of re- 
flexion, sin =3 — sin 0', or, m = — 1. 
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(48.) Pkof.'IX 7b iEe<ermttie the amrte cf a nkgle nm, or tf a 
9maU pencil of rays, refracted hy a jMism. {Fig, 20^ p. 38; 

tBZt) 

Let the angle, KRilf^ of incidenoe, upon the iiret sur&ce, be 
called f ; H^RN, the oorreepoDdiD|r aUgle of refraction, ^' ; ITRN^ 
the angle of incidence on the second surfiice, ^' ; n!Rb\ the angle 
of emergence from the prism, \^ ; the angle, Jl, of the pri&m, c 
The angles, RAR^ ARk^ and ARR^ together, v^e equal to two 
riffht angles: but JJJIT = 90<» — ^', and ARR^SQP^^ 
whenoei 

a 4. (90 — O + (90—1^ = 180, or, 

H « ^' 4- ^' (19). 

The angle of total tfntetfoii, I>£ir, ti etfo^ to the mm of the 
partial denatwns, ERR and BRR^ thai i% ctdfingr «be dsm. 

tioa^, 

j ss ^ — ^' + ^ — »^'i OTi 

a « ^ 4. tf, — (^' 4- ^, or, 
js^ 4- <^ — a .....(20). 

This valoe of the deviation contains ibe ^tren angl^ ^ and a, 
and the angle </>, which may be found b^ means of the fela^otts tf 
^1 ^\ ^> and ^, as given by the foQommg eqnaMons : 

■iBfMm. sin /..«.. (17), 

^«a — 0' (19), 

sin^sm.sin^'..... (I?'). 

(44.) If we suppose the angles very small, we have, from (17), 

^ s= m^\ whence, 

^— ^'a(m — 1)^'. 
AlfliH fiwD (IT), 

^ — ^sc5(m — l),f,', and 

a«^ — ^' + V' — '^=("» — 1)(^'+ *0; 
but (19) gives 

^' 4. ^ ss a, whence, 

a=:(m--l).a .....(21), 

a value depending only upon the refractive power of the mTit**riil 
of the prism, and upon its refracting angle. 

(45.) There are two other cases in which the deviation, as given 
by equations (20), (17), (17'), and (19), assumes a somewhat 
simple form. These we shall consider, in order. 
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(46.) Prop. K^ To find the deviation of a ray^ orfifa amall pencil 
ef raySf incident perpendicularly on one of the surfaces ef a 
prism* 

When the incidence upon the first surface is perpendicular,.^ :» 
0, and ^' = 9, and equation (20) becomes, 

i^xp^a, ' 
and (19), 

t^' ss a, whence, 

sin ^'=s m . sin xj/* =m »ana; 

bat firom the value just found for S, we have, 

^ ss a 4. ^, whence, 

sin (a 4. ^ «m. sin a (22): 

ftom which equation, S becomes known when a and m are {^ven ; 

or, 

_ sin (g 4. 3) 
tn s=s . t 

sma 

may be feund by determiniBg S and a. This is one method of 
determining the refractioe power of a substance. Another method 
is fiurnished by the next proposition. 

(47.) Prop. XI. 7b determine the deviation nf^ my, or of a smaJd 
pincU ofrays^ when the angles af imcidence and emergence are. 
equal, (Fi^. 20^ p. 32, text) 

By the condition of the question ^ ss 1/;, and since, from (17), 

./ sin <b . J : >/ sin xfr 
sm ^ r= — - , and Bsny s=z 1 , 

t» TO . . 

sin ^' sas ain ^, or, <p,[ bs ^'. 
Equation (19), gives, 

2^'=«,op,^'« -|-. 

■nd from (20), by making ^ = t/', 

3 as 2^ -— a, and ^ a= "^ • 

Substituting these values for ^ and ^' in (17), it becomes 

sin — (a 4. a) = » . sin -^ a i (23); 

an equation from which S may be determined when a and m are 
given. 

By transmitting light through a prism so that ^ s t/', we have 
a method of measuring ihe refractive power of the substance of 
which it is composed, fw^ 
C2 
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nn ^ (a 4. ^ =s m\ sin ^ a, whence^ 

^^rinHa + i) ^24)_ 

SID i a 

Tlie equality of the angles of incidence and emer^noe maj be 
■aoertained, by measurement, with the instrument which has berai 
devised for this purpose, oir by the use of the proposition which 
fi)Uows. 

(48.) Paor.XII. 7i€ an^ilea ef incidence and emergence^ of a nof 
paeeing through a pnem^ are equals when the deviation i$ a 

The propoeitioD requires the devistioii 4o be a minimmn. We 
tfaerei«»e find its value, diflbreatiate it, and pot fte diflferential 00- 
fiffieient eoual to aero. The value of the deviation, from equatiaB 
(20). IS, 

^B^ -f -4,'— a, 

the difibrtetial of which, a being constant, is, 

dSsadf ^ <{>l/wbeiioe, 

dS ^ , d^ 

d^ d^ 

Bqoatini (19), is 

sr =a ^' + >!/, 

by the diftrentiation of which, we oUain 

d^ __ 
d^' 
Trom equation (17), by a similar process, we have, 
d . dn ^ sa m . <i sin f ', or, 
COS ^ . d0 B m . cos ^'. df\ oc, 

'dj» = m . ??!Li' . d^\ 

COB 

In like manner, we obtain, by differentiating (17^ 
■ -dV^m.^2!Ji.d^. 

cos ^^ 

Dividing the second of these equations by the first, 

d>I/ Cos , cos -4/ d-V . . 
— =: — Z. . «__ , or, since 

d^ cos . COB w df 
dV 



d^^ COS . eos^l/ 

d^ COS 0' . COS >!' 
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Sulwtitutuiglliuviilaeibi' Jit. in the valaa of— fiond 
^ df dt 

above, it become*, 

a COB # . cos A/ 

dt COB f ' . OSS '>!' 

Thii Titloe fbund Sir the difierentUl ooefficient of j, ii to ba 
made eqnal to zero, whence, 

«■>.». j/ ^, ,jj,. 

coa t' . cos ^l- 
■n «qa>t)cio which is Batisfied \t f = 'l, or lie angle* qfineidetie* 
mnd tntergeta* an tfuaL lli« mtfdiod of ouog Ai< propcaition 
ia dewribed inarL35,pp.33,34,oflbe text 

Refradion by Lenset. 
(49.) Id diBCOBUDg the mbject of refraction by lensei, we uhldl 
coDsidei- the refruiting snrftcea as ephCTicaJ. The pencil if iaci- 
dent roTi wiS be, first, asanmed as indeGnitel]^ nnal), aod tbe tfa*:h- 
liesB of (he leni neglected ; next, the correction tor thioknev irill 
be introduced, and, UibUj, under the title of Ahtnaiiim vf Ixn^ 
the OB*e t£9. peodl of any magnitnde will be coaeidered. Re&ac. 
tion throDgb sphere* and parallel plane gurikcea, will be deduced 
from a conaideratioQ of the geiu»al case. 

(30.) PaoF. XIII. To determme tAn cDuru d/' an indi^niUh/ tmoB 
ptned of 'rays, pairing fixm a rartr to a denttr mediun, tkraa^ 
a tfktric^ turfaet. 




Let G be the radiant point of a nntJl pencil, of which fir 1> 
the alia, and ER the eitreme raj ; the raj ER, paasing- isto tha 
denser iDedimD, will be refracted lowarda the perpcndicnlar, CS^ 
making the an^ mRM less than ERC, and in such a proportioD 
flrat din ERC : ain mRM : : m : 1, m representing the index rf, 
refiactian of the denier medium, that of the rarer medium tieing 
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Can EV^ tt, FVss u\ CV^ r. In the triangle, JSRC, we 

EC sin ERC 



t 



ER einECR 

and in FBC« 

FC_ onFRC 

FR *" Bin FCR * 

Dinding the fint of these equatians by the Becand. 

EC PR Bin ERC . , . ^ 
. . — = ...._^_ f and Bunce 

ER FC onFRC 
■in ERC s m . Bin mlZJir &=: m . sin FJKC; 
JgQ JK __ 
ER FC ^ 

% 

The pencil of rays being very bduUIi the point JR is very near to 
V^ and for £Jt and FR we may take their approxiniate valim 
EV and FYy whence, JPC = ^F— CV^u — r^ and IV = 
FF— CF=x «' — r. Sabstitnting these yalues of EC and FC, 
and the iralnes of ER and FR fer those lines in the equation jost 
Aond, it becomes 

tf — r u' 



r= m, or, 
u. u— r 

!LZl£ -c= ffi , ULriir ; and, dividing by r, 
» tt 

— .i. — = i!! i!L , or, by transpoeitian, 

.... (26). 



tt' 

in 1 m— 1 

tt' « r 



(51.) This fbrmnla niay be adapted to all cases of a pqnall pencil 
incident upon a spherical sor&ce, by a conventional in€>de of con- 
sidering the algebraic signs, of the different quantities involved in 
it. Let OS, as in reflexion, consider u, »', and r, essentially |NMi- 
(ive when the radiant point, the fi)cns, and centre, are, respectively, 
in frwA of the lens, negative in the contrary case. 

The pontive sign of v' will, then, correspond to an imaginary^ 
or virtual, £)cus ; and the negative sign, to a real fbcos. This it 
is important to the stadent to recollect, since the reverse has been 
the eaae in reflexion. 

It would hardly be useful to discuss the variations of ibrmdla 
(36), by changes m Ihe quantities concerned in it, since we must 
consider, in refiractlon by lenses, the action of two surfaces. 



OteAP* Itt* BS^ ACTION* 

(52.) Peop. XIV. Jh deterihine the ctmrse of a miM pencU cf ravB 
falling upon a Uno; ike radiant point of ike peneu being in mo 
axis of the lens. 




het.JERt OS be&re, be the extreme ray of the pencil, EV the 
axis of thepencil and of the lens, RM the rav refracted at the fir^ 
aurfiice, CJK the radius of that surface, M the point in which RM 
meets the second surfiice, CM the radius of the second surface 
drawn to the point If. P^Podacing MR until it meets th« atii, P 
is the virtual focus of rays refracied by the fint surfitoe. Sinee 
the refraction at ilf is from a denser to a rarer medium, the ray 
IB refracted ^r<XA (he 'perpendicdar, taking the direction MN, which, 
prolonged until it intersects the ilxis, gives JP'Tor the Virtual focus 
of the pencil refracted by llie l^is. 

Keeping the notation of the last propdsitian EVs= «, FFs: u , 
CF sa r, and the equation for refracdon at the first stbrfiioe is, (26), 

-^-.JL=,2±1 (26). 

The equation for the refraction at the second Burface may be m- 
§aMd from (96)/or may be obtained directly, by pioce^ding in the 
triangles FMC and F'MC^ as was done, in the last proposition, 
in £iec and JF7ZC. Thus, 

FC . nnFMCr ^j, F'C sm'F'MC 
FM mFCM F'M tmF'CM 

iiid, by division, 

JPty F'M _ sin FMa _ 1 
FM ' F'C sin F'Ma m * 

Call FF, the thickness of the kns, t ; F'F, v; CV, r ; then 
FF«a'4- t,FC'=tt' + « — r', and F'C'=:i> — /. These 
values bebg substituted, in the equation just found, instead of Fflf^ 
F'ir, &C., we have, 

EI+ITL:: . _!L_. = _L . whence. 
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= 111 . ij — t «» 

•-f=-(-7^)' 

dividing by r't and ooUectiiig the terms, 

1 m 1 — w . 

m being .gtealer than, imity, the t]|;n of the eeeoDd member m 
leally negative, and as it will be ecmyenient to show tiiiis, we 
change the Ibnn of that member, and the equation, becomesy 

JL «. "* = _ """"^ (27). 

a' -f * r' 

This is the general equation between u^, «, /, ^ and m, which, 
combined with (26)) wiH determine v in terms of «, r, r^^ t, and m, 
an of which are given quantities. 

(53.) If the tkickneu of the lens is so small thst it may he 
migletied^ equation (27) becomes, 

J- — J!! = — UriJ: , but, from (2$), 
V u r 

J!L = JL + !Lni , whence, 
uf u r . 

1 1 in — 1 m — 1 ^ 

V "^ u r f' 



V 



_2.=:(m-l)(J Lj (28)/ 



Binoe ^ represents the divergencf, or ooavergencj, of the 
u 

incident pencil, and — that of the reftacted pencil, we deduce, 

V 

from (38), that the difference ef Me vevgendee ef <fte refrmied and 
incident pencils is a constant quantity fir the same lens. 

This formula applies to the different cases of the incident pencii 
and lens, as in the single surfiu^e (art. 51), if we consider the dis- 
tances of the radiant point, locus, and centre, positive when in 
front of the lens, and negative in the contrary case. The same 
VBfltork applies to the general equations (26) and (27). 

(54) In most of the cases which occur in practice; the tluck« 
ness of the lens may be neglected, and, therefore, equation (28) is 
applicaUe to them ; in all coses this equation determines an ap- 
proximate value of the focal distance, to which a correction for the 
thickness of the lens may be, copveniently, applied. 



m 



(55.) To obtain this eorrection for iMckness, expand ^ . 

in eqastioii (37), faito aseriflB, hy dmsiaya, 

If the thickness of the lens is not very giwt oompaTod with tht 
diftance of the point F, the powers of _. , higher than the fint, 

may be neglected, and we have,. 

m m mt 

Sabi«itating this vaiae fi»r .J^L. in 07), ithecomesb 

tr -j- t 

f^ flabstitntlng for — its Tsloe from (26), 

u 

1 JL m — 1 wrf ' m — 1 

V u r a'.^, r'^ 

bg^ transpecing and eeUeeting the textns, 

j_ = i + («_i)(±_^)_^ a»),. 

in which we perceive the Bpproximate ▼sine of JL given by 
eq[aation (28), and a wireetwn ^ J^ fi>r the t)Udbi0M <]€ the 



tt'a 



lens. 



(56.) Fkop.XV. Sr^defenmneOs /ermofatiiM{2|Wiid|rc/^^ 
fty ameiiittin, ftmndieJ hy panUu pUmes, 

For plane snrfaoes, r and r^ are infinite, whence *-^ =b s^ and 

r • 

1 
r 
Kqnation (38) beoomes, 

-i L = 0, «r, ±=r-L (30). 



W RBFSACrriON. BY TSICK PLATES. ATtXmxni* 

TIm ^roenc j of the refi«eted pencil is the same with that of 
tbe incidi^ peacO, "when the plate is indefinitely thin. 

(57.) Applying the cogsntirm &ma, eqvatiai ^), W9 obteiiv 

1 __ J wrf 

but, fton^ (3tl(, fy making — =±: o^ 

c J!L B£ JL, whence^ It' «a Mil ; 

» 

'*' ' 1 

Sobstitating this Talae of i/ in that last giyen, §br ._ , 

9 

JL-JL __£_.«. 
J.= JL(i__L\ (ai> 

Equation (31^ contains the theory of refracting plates of oob- 
•iderahle thickness. 

(58.) If the hkcident ms ^emroI^Z, JL = o, pni. — = $. 

or, o = 0D,jQr parallel ray8.«.re mic)iangcd by tl^ refractioa (%. 
S3, p. S6, text) - 

(59.) The Talne of _ ftr ^verging rmyB^ gtven by (H), is p» 
thpa, zera^ or-nefattre^ aocordiBg as we have 

mu mu mu 

fs t < fiiii, t = flui, ( > mu, in which m js greater than unity. 

For ordinary cases of relation between «, and t^(!t < mu) is 

pMoHbm^ and tiiereibce the fiwm imaginary, or tfia rays sttU dtverga 
afler refraction. As ti is mqaattired ^rvm the fittt ssr&Ai, aod v 
from the second, the eS^ct of refraction in bringing the olnect 
ieurer to, or remoring it fiurther from the pkte, is not eiipg eso s s .-by 
the relation cf v and tt, but b^ that of v — t, and «. To aaoertaii^ 
the efl»ct of refraction in this point of view, we take tSe vmloe at 
m in (31), or. 



• 
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* this, by diTidiog end neglecting the powers of t above the first, 

gives 

V tss u -\ • whence 



m 



» — « =1, ^.t/i i\ (32). 

In which ainoe m > 1, — < 1, and «-— — 1 is subtractive, 

m fit 

or, e •— t < tf ; the point of divergence, there&re, is brought 

nearer the first surfiice bj the distance, t (i V 

3 11 

In a glass plate, m = ~, and 1 I- = _. The point of 

2 m 3 

cUvergenoe is, therefinre, bronght i^rer the first sorfiice by one 
third the. ihiclmess of the plate. 

For water, m es -^ , and 1 = ~i- • 

3 m 4 

(60.) If the incident rays converge^ u is negative, whence 
firom (31), 

— =- i-(l+ J-) (33), 

in which .*_ is always negative, and, therefiire, the rays stiU cob- 

verge. 

Proceeding to find the value of « — t, as befiire, we have 

mu^ . t 

mu ^ t * m 

' t-««-(tt + *(!-!-)) (34,) 

fiom which it appears that the focus is farther fit>m the first surface 
than the imaginary radiant point, by the distance til— -—I. 
The reverse of the result for diverging rays. 

(61.) Paop. XVI. 7b determine the form of a emaU peneU of ray 
rrfracted by a double convex lens. 

We will first consider the case in which the thickness of the 
lens may be neglected. To this, equation (28) will be adapted by 
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mJuni^ r, tiie radini of the fint sorfiuse, negative, sinoe its centre 
k tamed firom incuient light This gives 

V-T — (— »>(f+-7) (35). 

1 I 

rinoe — rcfireflents^the vergency of the refracted penci], and — * 

1 1 

tiiat of the incident pencil, and isnegative,»,r,r^beiiig 



oonttant, for the same lens, we in&r that the 

er canergeneif produced^ hy tkU lent, U a anutant quantity, 

(6B.) FoiparaOd rays, — =? e, and 

-J-— — (« — 1)(— + -p-) . V • C36). 
In the refracting media of which lenses are made, m >> I, and 

this vahie of — is negative : hence the fbcns lies behind the If ntv 

e 

and is real. For the distance of the princqial fbem we have faj 
taking the valne of « from (36), 

If the Inis k of glass, m » -| , and — L^ » 3, whei^ 

r -^ r^ * 
Qonrespondtng to the rule given in the text (page 43). 
If the glass is equally convex, r bs /, and 

The principal focal distance h eqnal to the radius of the sor&cee 
of the lens. 

(63.) The principal focal distance may serve as a convenient 
term of comparison for the focal distances of diverging and eon. 
verging rays. Denoting it by/, we have the value of/ given by 

(87), and of y by (36), substituting in (35) -i. for its equal ; end 

transposing, we have, 

4-4-4 <^ 



CHAF. XII. SEFBACnOK. 89 

(64) Dwerging^rayt. Equation (38) applies to this case. 
From that equation it appears that jfi>r the same lens, the 

Tergency of the refracted rays I — \ is less than the divergenc^r 

of the incident rays I — \ by a constant qnantily |— ,| de- 
pending upon the index of refraction of tiie material of the lensy 
and upon the curvature <^ its sur&ces. 

If «>/ (Jg. 29, p. 43), J- < -L » *^ — M negative, or 

tt / » 

the rays are brought to a Ibcus. The reciprocal of the fi>cal dis- 
tance IS, from (38), 






Snoe L<JL, _<JL,Gre >/, and ib6 fbcm 

IS firther from the lens than the principal focus. As the radimt 

point approaches the lens, — increases, and, of course, — , or 

u V 

^ ..^ y diminishes, or v increases: that is, as the radiant point 
f u 

approaches the lens, the focus recedes, and vice versa. 

— 5^. The focus is as fiur from the lens as the radiant point 
If this rays proceed from apoint as'&r from the lens as the pdn* 

cipel foeus (as from C, Jig, 29»\ u »/, and — sss o; the fo* 

ftaeted rays are paralleL 
The radiant pomt bemg still supposed to approach the Jeni^ wo 

have » </• or — ^ -t- i •- r-tor — ti« then positiveu 

n f u f © 

and the rays are no longer brought to a focus. 

(65.) Equation (35) will give the value of the focal distance for 
diverging rays : to determine this, transpose -« and bring the 

terms on the rightJiand side of the equation to a common deiioml-| 
nator, whence, 

V urr 
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wrr' 

™ iV — tt (wi — 1) (r 4- r') ' 

fg dungiiig tiie sign to correspond to a real focus, to which we 
haTd ibcmd the rays to be brought as long as ti > /, 

ttrr' 

*""*~a(m — 1) (r 4- r')--jy * 

3 1 

For agloM lens, m = --- , and m — 1 = -_ ; whence, 

^"^ ...(40). 



ti(r-j- r')— 2iy 

Hub ^iJue of o ^ves the rule fiiund in art 45, of the texL The 
arithmetical operation there directed is changed fi>r the sabtractkii 

cf « (r 4. O from 2fy, when 2n'> n (r + O, or « <r - 

or « </; the algebraic expression shows by its change of sign, in 
that ease, that the focus is imaginary. 

If r K f^, or the lens is equally convex, (40) becomes 

.Sura 



ti — r 
agreeing with the rule just referred to. 

* (66.) For eonverging rays ftlling upon a double conTex lens, we 
make — , in equations (35) and (38), negative, whence, 

-J- = -[4-+<'»"-^>(-r+ -7")] (41), wd 

■f = -(-T + f) "^ 

The sign of — being always negative, whatever be 'the relar- 
tion of tt and /, the focus is always real. Since Jl i 1. ^ 

1 ' " •'' 

. , the oonvergeney of the rays is increased by refraction, 
tt 

3 

~ Taking the value of v from (41), and making, in it, m = , 

as was done in the case of diverging rays in the last article, wo 
find for a gUut lens. 
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For a ^ZoM lens equally convex^ we have, 

» = li!L- (44). 



iezt 



Theae values for the focal distance give the mlei on p. 44^ of the 



(67). In what precedes, we have neglected the thickness of the 
tens, and next proceed to show how a correction, for the eflect of 
toe thickness, may be introduced, 

-As an emmple, let as take the eaae of parallel rays &Bme imoo 
fe^tenJ^"**^ (29) " applied to thifcase by 4kii>g , ^ 

And for parallel rays, for which -L -= 

tt ' 

Equation (26) adapted to the case of a oanvex sur&ce, gives, 

— = -1. ^ — ^ 
«' a r 

and for parallel rays, 

m _ m — 1 _,,^__ 
— r — — ' ■'■ , woenoe, 
tt' r 

m («t — l)a 

Sabsdtoting this value of -^ in (46), we havor 

tt'* 

^ — /-. in/1 _t 1\ (m — !)»« 

J-=«.l ^Cmz:^* (47). 

» / ffir* » ' 

To determine from this equation the correction tc be applied to 
the focal length, v, we reduce the terms of the seccod member to 
% common denominator, whencot 
D2 
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JL = — "*>•* -^-jf^ — ^yft and 
p mr^f 

fftr*/ t y , 

(m - 1) yt ■ 

, mr' + (« - l)"it 

Difidiiiff, and neglectiiig the tonn. contaimnj powew of I 
lii|4ier than the fint, 

,+/=,(jl=^ (48), 

the oortecti<m which is to be applied to the focal dirtance obtained 

bj equation (37). 

When the lens is equicmwex and of ghua^ we find (art. 62) that 
/ BB8 r, to which a correction, 

a 
is to be applied. The siffn of the (iorrcction is contrary to tibai 
of the focal distance, and the effect is therefore subtractiye. TM 
corrected focal lengUi is 

© ass — T, -^ T • • 

(68 ") The method which has just been shown gives, at last* 
ooW an approximate value of the focal distance, which, however, 
is Bufficientiy accurate for aU cases in which the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness is too considerable to use 
the method of correction already exhibited. 

(69.) Prop. XVIII. Tq find the focal length of a sphere for 
paraUel rays. 

The supposition that the rays are parallel simplifies the question, 

without deducting much fi»m its utility. Since — = o, equationfl 
(96) and (27) become, by makmg r negative, 

"* "*""^...-. (49), and 



u'v r 



J_ = ,.^^_i!L=l (50> 

For the sphere t « 2r, r = / ; and (50) gives 

± =- _J5_- 5:nl,butftom(4»>, 
t) uf •{• 2r r 
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tt' s= — ' , whence 

m — 1 

, . rt a mr 2mr — 2r-— mr 
»' + 2r = 2r-jj_j = „_t .°r. 

m — '. 1 m — 1 

Substitatmg this value of u' -|. 2r in (50), 

1 __ m (m — 1) m — 1 
» "■ r{m — 2) r '^ 

1 _^ in(m— »1) — (m — l)(m~2) _ (/it — 1) (ot — m -f- 3) 
t) r(m— 2) r(m — 2) 

and 

1 2(m— 1) \^ 

T = 7(;;r=:27' ^^'"^^^ 

.^ r(m-2) 
2(m — 1) 

The value jmt found is the distance of the iycaa ftom the second 
rar&oe ; call / the distance from the centre, then 

. r(m— 2) 

•^-'-'•=2(?;r:ri)-'-' 

or, bringing to a common denominator and reducing, 

The rule on pag^e 40 of the text, is given by the value of/ just 
foun/ 

-'•^ If the refhicting sphere beofto&a«fte£r,9n=sl.lll45,and/as — 5r, 
of course^ FQ (fig. 26, text,) = — 4r. If the sphere be of water, 
m s= 1.3358 and/= — 2r nearly, or FQ (fig.26) = — r. For a 
sphere of glass, m «= 1.5, / = — 1 Jr, and jPQ =ss — Jr. For a 
sphere of adrcon, m = 2, / = — r, and FQ =: o. 

(70.) Returning to the discussion of the fi)rmula fi>r the refracted 
pencil when the fens is indefinitely thin, we take up the case next 
in order. 

Prop. XIX. 7b determine the form of a tmaU penal after re- 
fraction by a plano-convex lens. 

As in other discussions, the refiractive power of the substance 
of the lens is assumed to exceed that of the mediunf traversed by 
the incident pencil, or m > 1. 

The question obviously includes two coses; in the one, tha 
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plane aide b turned towards incident light, in the other the cnrred 
side is thus directed. 

(71.) First: when the plane Hde is tamed to meuieitf ray& 

1 

^- s= , whence firom (28), 

J._J.__?L=1» (ffiS). 

V u r' ' 

From this we infer, that the diifiergencff destroyed^ or eo nv er g e ne y 

produeedf by tkia lent, tt a eonstata ^[uantUy, as in the doom 

convez lens (art 61), hut the effect is less than in that lens hr 

m — 1 * ' 
, the power of the first surface; it is not necessary, there. 

lore, to carry out the discussion of the iwoperties of this lens. Hieie 

will be no correction for thickness, &r parallel rajs, no refraction 

bein|r produced bj the first surfiuse. This is shown by the analjsisi 

titt fltt 

the term -7^ (m 29) vanishmg, smce fix>m (26), -7- = o . 

The principal fi>cal distance given hy making — = o in (52), 

tt 

and iuTerting, is 

/= — ^. 

m— .1 
For a gists lens, 

/ = — 2/ 
(72.) Second : when the convex tide is tamed to ineidtm hgU^ 
-p- =z Oi and r is negative ; fixxm (28), 
1 1 m-1 

= :r' (53). 



V tt 



The efl^ is, as in the first case, to dettrey divergency in the 
mcident pencil, or to jproduee^ or xnereaee^ eonvergency; and if w« 
suppose rmir', that is, the same lens to be used m both cases, the 
eiiect produced is the same. » 

For the principal focal distance, 

and fhr a gla$$ lens, 

/--2r. 

(73.) The thickness of the lens produces hi this case an efibct 
on^e principal focal length, smce the rays refracted by the first 
sornice fidl obliquely upon the second. 
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To iDtrodace the correction into the Talne of the prmcipal-^KAl 
iistance, we reour to eqaations (26) and (27) ; making, in these, 

r nesratxve, —7-^0, and — =a o, we obtain, 
r u 

"^ '^""^ (54), 



It r 

1 m 



V «' + < 
value of tt' finm (54), is 



(55). 



tt' = — ; r , and 

m — 1 

•^ +'■=- ;^ +«='-"• (;r^— =•)•'«'**»» <^ 

m 
and Bubstitoting to u' -}. ( the value just found, 

•=•- -^•+-^ (56). 

Tlie correctian, therefinre, shortens the approximate focal length of 

the lens by — th part of its thickness ; if the lens be of glass, 
III 

v=s — 2r 4. ft, or, 

w = — (2r — It). 

(74) Paop. XX. 7b determine the form of a small peneilt after 
refraction by a double concave len$. 

In this form the radius of the first snr&ce is positive, that of the 
second negative. When the thickness of the lens may be neglect- 
ed, we have from (28), 

i._± = („_l)(± + ^).....(57). 

and where an approximate value of the thickness may be used, 
from 0^0 

in which tt' is determined from equation (26), or 

~ ==i.+!!Lzl (59). 
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Oi) Whm the iiicident rays axe paraOel, (fig. 31, p. 44, text.) 
(57)giTet 



4 = <— >(t + 7) 



or calling / the principal ibcaL dlfltance, and de(ermixiin|f it fiom 
the equation just given, 

/ = (« — 1) • (r + O ^^^* 

This valae being positive, the fbcos is ima^ary, and at a distenoe 
e x pre ss ed by the product of the radii divided by the index of 
refraction, less one, into the sum of the radiL The rule cor- 
responds to that for a double convex lens; in &ct, equationa (GO) 
and (37), differ only in their sign. 

' (76.) Diverging rays. In this case — is positive, and, there- 

tt 

fine, as long as m > 1, the value of «, from equation (57), wHl 
always be positive and the focus imaginary ; since 

i.=-l+(«-l)(±+^) (57). 

It kppears that — > — , or the divergent of the raya ia increaa- 

ed by the refraction, (fig. 33, text) 
In a glau lens, 

Sttrr** 



2fy + tt (r 4- fO 
whence the rule on page 45 of the text 

(77.) When the rays conoe^ge, — is negative, and (57) becomea 

-f = - V +<'»-1)(t + -7) ^^^^ 

The pencil still converges, is rendered parallel, or diverges, ac- 
cording to the rektion between — and (m — 1) f — ^ "ly V ^ 

its equal --. If — <-^ortt>/, — is positive, and the 

rays sUfl converge; iif ~- ssr-jr.ortt =/, — =^ o, and Iho 

U J 9 
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refracted rayi wre poraBd; if — > -^, or « </, — u neg»- 

tive, and the rays are brought to a focus. This real focus is as &r 

behind the kns, as the virtual focus of parallel rays is in front of 

•* •* / 1 2 - ^, 1,1 1 

It. if » == -^^. or — = — : KHT then •— — 4- — ?- ea — -- — =- 

axid V a — /: the distance exceeds that just named if u > -4- 

when we shall haye — < -=- and + -t- <—- y • ot 

— < -*- -^ and V > -. / : the reverse will of ooone be true if 
V f 

I( as was first supposed, u > / or — <--^ though the rayi 
■till coaverge after refraction, fhey converge less than before it, rar 

We shall not introduce the correetion ibt thickness, as it would 
be determined by the same method with that for the double convex 
lens. Practically the thickness of double concave lenses is (tf little 
importance, since it is least at the central parts. ■■^ 

(78.) Prop. AJLl. 3b determine the form efu mmU peneU eftay^ 
after refraction hy a pUmo^oneave Zens. 

First When the eeneave side is turned to incident rays, JL » 

r' 
o, and r is positive ; equation (38) gives 

(fi2). 



I 1___ (m — 1) 



V u r 
The divergency produced by this lens is, thereiiae^ less than 

that produced by a double concave lens, by ^"^ ^ , the e&ct of 

the second surface. 

Second. When the plane side is towards incident light Then 

— ^zi 9% and r' is negative, whence, 

J-- i- = ('■-^) (63), 

V u r 

agreeing with the expression found above, if the lens is the sama 
in each case, or r as r'. 

(79.) The next ftrm to be considered is the meniscus. 
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FkOF. XXIL 7b determine the form of a tmedl pencil of light afier 
refraction hy a meniecue. 

When the convex side of the ineniscns is turned towards inci. 
dent %ht, the signs of both r and / are negative.- The geoenl 
Iformda (28) gives 

4-4-=-'— >(t-v) •••••;•* 

in which, by the nature of this lens / > r, or — -- ^ — 

r r 

From this relation of JL and . L it follows, that 

r r r r 

is a positive quantity, and therefiire the sign of the right hand side 
of this equation is negative. The equation corresponds to that Ibr 
the double convex kns (35), but the jdivergency destroyed by the me 

niscus is (m — 1) f — -.- -—\ , while that by the double oonvez 

lens was (m -^ 1) I 1 — --. j . T%e power of the menitau 

i§ the d^erence between the powere vf if two aurfaces. 

(80.) When the concavity of the meniscus is turned to inddenl 

light, t and r' are positive, and r > r', or JL <^ Jl. • 

r r' 

EquaticRi (38) applies directly to this case, and 

4-f=-<— >(v-4-) «»> 

Since ^_y isa positive quantity, hence JL 

r r* r r v 

.. _ is negative. Equations (65) and (64) are identical, the 
u 

surfiuse which first received the incident rays in the case of {64\ 
being now the second sur&ce. 

(81.) For the ibcns o£ parallel rays, we have, firom (64), 
/=-J^-7^ C66). 

(82.) THie fermuloB just found for the meniscus apply to the con- 
eawf^onvex lens, recollecting that when the eonveodty is turned to 
mcident light r > /, and tlw reverse, f > r^ when the concavity 
is thus turned. 
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Far the finrt of these cases we hare (64), 

-i JL=-.(m-i)(J:-^^\ (64). 

« u \ r r / 

which, since < -^ , will he more expressiye if written 

4-A=<-'>(v-f) <"> 

Hie second member of this equation is positive, and by referring 
to the case of the double concave lens (art 74), we shall find that 
the convergency destroyed by the concavo-convex lens is the d^er* 
ence of the effecU of its tioo aurftiees^ while in the double concave 
lens it was the sum of the same effects. 

It is obvious that turning the concave side of this lens to inci- 
dent light does not alter the effect of the lens, as was shown in the 

c»ise of the meniscus. 

The virtual focal leng^ of thei ooncavo-convez lens fox parallel 
rays, when the convex side of the lens is turned to the incident 
pencil, is 

/ =s w . . . 4 . . (68). 

m — 1 r — r 

(83). For two epkerieal sutfaees of the tame curvature^ we have 
rssf'^ and (28) gives 

The efiect is that of a plane glass. 



E 



V r I 
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CHAP. IV- 

FORMATION OF IMAGES BY REFRACnON. 

(84.) The fobject of the formation of images by lenses becomea 
simple, by introducing the consideration of the ray which paaaes 
through the two sor&ces of the lens, at points where the tangenti 
are paralleL 

Fmop. XXin. AU ike m$ tehieh Buffer no deviation by refraetion, 
by a Una, paes through a eingle point. 

FIg.F. 




In the fiffur^ let RL be a ray, refracted by the first sur&ce of 
the kns MN into LL\ and finally emerging in the direction I/B'^ 
parallel to RL, Produce LL' ontil it intersects the axis of the lens 
- m O. Since, by hypothesis, the tangents at the points L and L' 
are poraUel, the radii CL and OL' are also parallel^ and the tri- 
angles COL and OOL' are similar. Whence, 

CO : CO r: CL' : CL, or, 

CO « CO . ^ , and 
CL 

CC:r:^aO^CO^CO.{^^l\. . 

Calling CL » r, CV *= /, the thickness of the lens bs f; and 
€fO SB IT, we have ^ 

CO- cr— cr«= cr — rr— cr« r'— f — r, and 
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/ -— r -- « = a' . /_ — l\ , or, 

tt'==r — t.-JL- (69). 

r — r 

This valae of CO ia made up of quantities, constuit for the 
same leos ; from which we infer, that all the rays which experience 
no deviation in passing through a lens, tqoti/d, if produced after the 
Jirst refraction, meet in a single point in the axis of the lens. 

This point is called the centre of the lens. 

(85.) The distance of the centre of a lens from the vertex of the 
first surface is found, readily, from equation (69) ; for, since VO a 
CV — CO = r — I*', we have, by takings the value of u* from 
(69) and callings r — u\ x. 

X = r — v'= f . — il— (70). 

r' — r 

The distance from the centre of a lens to the vertex of its first 
sur&ce, is equal Ut the thickness of the lens, multiplied by the ra- 
dius of that surface, and divided by the difference of the radii of 
the two surfe^ces. 

In the double convex lens, r is negative and r' positive, whence, 

' x— "^ 

The sign of (a;) TO shows that, in this case, it lies on the right- 

'mm 

hand side of the vertex. Since is a fraction, « < f , the 

ce:nirt is therefore between the two surfaces. 
In the equiconvex lens / == r, and 

— JL 

The centre is midway between the vertices. It is from tliis cir 
cnmstance that the point, which we have defined, derives its name. 
The same remarks apply to the double concave lens, since fer that 
lens r is positive and r' negative, whence, 

rt 

X = . , 

T Jf^ 

the same expression which we have above. 

(86.) To use the position of the centre •of the lens, in de- 
termining the image formed by an object, we observe, that ono 
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ray of the pencil, which proceeds from every point of the 
object to the lens, passes through this centre. This ray is called 
the principal ray or axis of the pencil^ and when the lens is thin 
may be regarded as suffering no refraction. It does not fiJl per. 
pendicularly, nor nearly so, upon the surface which it meets, and, 
therefore, in strictness, the refraction of an oblique pencil should 
be investigated and applied to this case. Approximate results may, 
however, be obtained, by taking the focal distance already deter, 
mined for a direct pencil ; this distance being found, for the pencil 
proceeding from each point of the object, we have a series of points, 
the asseinblag9 of which constitutes the image. An ap pl iciatioo 
of this method is given in the following proposition. 

(87.) Prop. XXIV. The object, of vohich ike image hy a convex lent 
M required, i» a plane perpenaictiiar to the axia if the Una, 




Let AB represent a section of the object, MM that of a doubb 
convex lens, PC a line drawn from any point in the object through 
the centre, C, of the lens ; this line may be regarded as the axis 
of a pencil of rays proceeding from P, and may, farther, be con- 
sidered to suffer no refraction. Call a the distance DCi t^ PC; 
and 6 the angle DCP i we have from the ttiangle DCF^ 

a Es « . cos 0, whence 



J- 
tt 



COS0 



but from equation (38), article 63, 

or substituting for — its value just found* 

J- = £!!L?-4. (71). 

The polar equation of a eotiic eeetion reforred to the focus. 
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From this equation, inierences might be drawn similar to tbose, 
found in the, chapter on tlie formation of images by mirrors. 

(88.) When the object tubtends a gmaU angle^ we may consider 
its section as a circular arc ; the image will te, also, a circular arc« 
since if u b constant (38), « will be to ; and the arcs will, evidently, 
be similar. If the distance of the object and image, respectively, 
from the centre of the lens, be called a and v, their magnitudes 
d and d\ we shall have 

T "^ir ^'^' 

B being assumed very smjdl, equation (71) gives, making cos b 1^ 

1 /--a 

o af 

f'-a 
this value of « substituted in (72), gives 

d' f 

As long wBa>-f,f — ais negative, and the image is reaL To 
show the results drthis cose more clearly, put equation (73) under 
the form ^ 

j1 ^. 

d <»— /* 

d! 
1£ a>-fifta — / > / and -j" ^ ^ fractbn, of the image is less 

than the object 
When a s= 2f I — es 1, the image is equal to the object 

For ii<2f, a»/</, and the image is larger than tho 
object 

The object still approaching the lens when atmf^ —^ «■ oo , 

and no imoge is formed. 

Next, if a </, equation (73) gives for 

£. - f 
d ~ / — a' 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object. It is greater than tlie object until 
/ — a =s /* or a &= 0, that is, until the object touches the lens. 

Since tne rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is virtual, the latter is erect; when on difiereat fideti 
£2 
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it is inTerted. The rign of --r- , iherefore, determines whether the 

imafe will be erect or inverted with respect to the object, the posi^ 
tive sign conesponding to an erect image, the negative to an 
inverted one. 

(89.) For the iovMe concave lent from (57), article 76^ 

JL- ^ 4- ^ 

r-ir + 7' 

Whence we derive, by ftUowing the same process as far the oon 
vex lens, ^ 

1 cos^ , 1 , 

— 8 f. -- , and 

V a f 

an ezproMion which is always positive, and a fiaction : henoe the 
image (brmed by a concave lens is on the same side of the lens 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, and lens; 
the remarks made in the chapter on the fi>rmation of images by 
mirrors, (Chap. II., art 37,) apply equally to this case. 

(90.) Having fbmid an expression for the ratio of the linear 
magnitades of an object and its image formed by a doable convex 
lens, if we would view this image at the distance of distinct vision, 
(pp. 48 and 49, text,) the apparent magnitude will be increased, 
in the ratio of the distance of the object from the eye, to the limit 
ot distinct vision. Let S' express the former distance, 6 the latter, 
the magnifying power of a convex lens used as above described, 
will be expreswd by 

where / is the focal length, and a the distance of the object fima 
the lens. 
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CHAP. V. 

SPHERICAL ABERRATION OF MIRRORS AJJD LENSES. 

(91.) In the text, pages 57 and 58, the fact is stated that the rays 
which faXL upon a spherical mirror, at a distance from the axis, 
^are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figure, in which LM, LM are the 
extreme rays of a pencil diverging from L, and F' is the point on 
the axis at which the reflected rays MF', MF' meet; LM\ LM' 
are two rays meeting the mirror near to its vertex 2>, the focus of 
the reflected rays M'F and M'F being at F. 

Fig. H. 




FF' is the aberration in length, or longitudinal aberration^ of 
the reflected pencil, and if from F a perpendicular to the axis be 
drawn meeting the reflected ray MF in /, FI wiU be half the 
aberration in breadth, or lateral aberration of the same penciL 

(92.) Vkot. XXV. 7b determine the aberration of a pencil of ray 
reflected by a spherical mirror. 

First : To find the amount of the longitudinal aberration. 

With the centre L and radius LM describe an arc cutting the 
axis of the mirror in E. According to the usual notation LD ss u^ 
CD =3 r; to distinguish between DF' and DF, call DF' =z r/ 
and DF = v, and let MN = y, the semi-breadth of the portion of 
the mirror occupied by the pencih 

The relation of the segments CF* and LC to tlie sides F'M and 
LM in the triangle LMF^ gives (as in Prop. I.), 

FC _ LC 

FM LM 
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But LM ^ LE =: LD — EDy and ED = ND — JVE; or, 
tinoe iV2> u the versed sine of the arc MD to the radius CD^ 

2r 
for the same reason NE = ——^ i or, using for LM its apprwa- 

mate Talue LD^ 

j.,^ ^^ — , whence, 
2tt 

ED = J!L(1 i-^,and 

"=-D-t(T-v)]- 

Taking the reciprocal of this value of LE, and^eflecting the 
terms containing the powers of the sine, y, divided by ths diameter 

2if, after iL. we have, 

LM LE a L 2tt V r i* / J ' 

By a similar mode of proceeding, using the versed sines NH 
and ND, instead of ND and JV£, we should obtain 

PM FH v' L So' V »' r /J 

But PC es r — ^ v', and JLC = » — r ; and substituting the 
values of f*C, F'M^ XiC and iJf in-the ratio found in the be- 
ginning of this article, 

=^'[-+*(v-i-)]- 

Dividing by r and performing the multiplications by the quanti- 
ties outside of the vinculum, in each member of the equation just 
fouLd, 

J L».^/J LV = 

t/ r 2»' \ t/ r / ~ 

r u 2tt \ r u / 



CSAF. V. SPHERIGAL ABBBSATION. 57 

We have thus a general relation between 1/ and » in terms of 
the radius and semi-aperture of the miri^or. 

(93.) Ifin(75)weiiBefori__-L,inthemiatiplierof il, 

its approximate valae, derived from equation (1), art (7), namely 

11 11 , , . 

— — - — = — — — .we obtain 

V r r u 

t/ r 2t/ V r u) 

r » 2tt \ r a / 

fiirther, by xmng for ( 1 1 the value given by (1), 

V u r * 

and substituting this in the equation last found, 

V r r u r \ r u / 

4.= j._i. + j!i(_L_j_y.....(76). 

V r u r \ r u / 

In this equation, which gives the value of — , corresponding 

to a point of incidence distant from the vertex, we find the recip- 
rocal of the approximate focal length, obtained when the rays were 

supposed to meet the mirror near the vertex, namely, 

r 

, and a correction for aberration. This correction contains 

tt 

J( — , a quantity proportional to the versed sine of the semi-angle 

r 

of the pencil, and therefore depending upon this angle, or the semi- 
aperture of the mirror ; and also r, and tt, the radius of the mirror 
and distance of the radiant point If these latter quantities are 
constant, the aberration is a functbn of the semiraperture of the 
mirror. The correction for aberration is additive, showing that 
the reciprocal of the -focal length, for rays distant fh>m the vertex, 
is greater than the reciprocal focal length of those near the vertex, 
OP that the point J^ is nearer to the mirror than F, 



2 
,or, 
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(94) For paraUd rays — =0, and &om equatioii (76), 

t/ r r?L 

performing the diTiaion, and neglecting the powers of y higher 
than the seoond, 

y2 yi 

ITie eorrtetum for aberration m, therefiire, — -j- » or ^^oris 

nhtraetive^ and equal to the square of the eemuaperture of tho 
mirror divided by eight times the principal focal length, 

(95.) Siooiio: To find the lateral aberration of the extreme ray. 

The vahie ofFI, which measures the lateral aberration of the 
extreme ray, may be obtained as follows. In the similar triangles 
F'FIsokdrMN, 

^' ^^,andW=Fr.^^ 



Fr F'N FN 

To approsdmate to the ratio =^> F^D may be ftiken instead of 

F xY 

.F'JV, and fhe value of the aberration is 

■ W=W'-|^.....(78). • 

in which all the terms are known when FF* has been determined. 

(96.) We propose in this article to determine the position and 
magnitude of the physical focus of a mirror, or of the circle which 
includes all the rays of a reflected pencil, when they are spread 
over the least space. 

Prop. XX VI. To determine the position and magnitude of the cir* 
de of least aberration^ in a pencil of rays reflected by a concave 
mirror. 

In the figure let LM be the extreme ray of a pencil, incident 
upon the mirror, MF' the corresponding reflected ray, J^ the focus 
of rays very near the vertex. Farther, let LP be any incident 
ray, m the lower portion of the pencil ; PR iher corresponding re- 
flected ray intersecting MF' produced in c : draw cb perpendicular 
to the axis, from the point c. If we suppose the arc DP very small, 
the reflected ray PR will coincide very nearly with the axis, and 
the distance cb will be indefinitely small ; as the arc DP increases. 
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the reflected rays being removed £irther from the axis, e5, at first, 
increases ; it afterwar£i diminishes as the point of intersection of 
PR with the axis approaches to F*, and when DP = DM^ PR 
coincides with PF', and cb vanisdies. Between the case, then, in 
which DP is Tery smdl and DP = DM^ there is a position of 
the incident ray £P, for which the reflected ray PR gives a nuuoU 
mum value fox cb When ci is a maximum, all the rays of the 




reflected pencil pass through the circle of which that line is the 
radius, in^ch is, thus, the j^ysical focus of the mirror. The 
question resolves itself into determining the values of Fb and eb 
when the latter is a maximum. 

CtJlMN.y; PT,i/i DF,v\ DF,t/; FF\ the longitudinal 
aberration, a ; F'b == x; be =s z. Since (art 93) the aberratioa 
of a ray is proportional to the square of the distance of its point 
of incidence, fh>m the axis of the mirror, 

FR : FF' I ; PT^ : MIP : : y'» : y« , or 

FF' — FR : Jpy : : y* — y'^ : y^ , whence 

FR^a.er-lf'. 

But flrom the similar triangles F*bc and FNM^ 

beibP::MNiFN,OT 

bcssbF. . 

FN 

And fixmi fhe similar triangles Rbe and RTP 

RbibeuRT: 77, or 

Rb 



, RT 
be . — : 

TP 



substituting for be in this expression the value fiiDud aboiv^ 
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and hy the notation. 

If we«pproxinuite^ by eonndermg RTkoA FTVto be equal. 

i2& es v . -^ , and 

Equating this yalue of FR with the one before found, 
jr . y "^"^ ss a . y """^ , whence 

X « a . iL. . y — JU. , or 
y» y + y' 

ar = «.4-(y--yO a^)- 

As we have supposed the ray UMT to remain fixed, and ZrP to take 
difibretkt poAitions^ and have found, 

(e (or ^ will be a maximum when h'F (or x) is a maximum ; but 
from (79)t X is a maximum, since « and y are constant, wfaoi 
y (y -. ^ is a maximum, or when 

y(y — jO^y"'. «• 

In that case, from (79), 

x = °y° s= JL (80), and, 

4ya 4 

JIfiV a JIfJV 

li^JV 4 . i^iV 

If a perpendicular, F2^ be drawn from the focus JP, of rajre in« 
cident near the vertex, to the axis, meeting the extreme ray MP 
m l by article (95), 

F'N FF'\ 

whence the value of «, or -^ . _—- , becomes 



« = 4^ (81). 

4 



Fma time nloei, (80) ami {SI], of x and z, it tppean, that tit 
Sittanct of tkt circle tf Unl ■torrmjm, fiom lit foau tf nnw 
aear tic wrfu, u thm fourths tf tie langtiudisai abtnatiaii afika 
matrant rm/, mud tial the mdiiu <^ lie tame cireU it ant faurik 
tfti* latent lAtmtioB rfihe extreme ray. 

SplierieM jkUmaeuOi ^Lentet. 

tim {voddoad b; a angle nrfiiee. We iluUl anudie the light to 
|N«> fioni a rafw into a dMaer ngjianii at wben It eaten a lena 

Pkof. XSXiL.'n Jeleniiile tit sbentiM fnduced hu a ttagtt 
tifftMiag'tirfiKt. 



IM Um r^ RL &a upon tlie apberical aorftte t/V'at anj point 
£, and be liOufai into'tbc direction LM- ' Continiid LM until it 
IntelMOti Itlie Aia of the ^l»ce, at >. Prow Oib hujiue CL. 
CM «■ tba ratio of the sine of iucidence to tliat of rpfrHCtian, in 
le paaa^" '9^ ^ ny -fiwii 'the rarer 'to the dtpwr'inediiun, tla 

'^\Ctmf. UI^ we find 

RC PC 

From lite 4entna R and F wilb iho ndii RL and FL, ntpea. 
lively, deicrilie the BTck LS and XTciiUJng-thc! >xii< in Sind T; 
SV wiU be the ^Scteoa ktvcea RV and RL, and rF that 
between fTand 7X. If t)iG pcrpendiiulBr LJV te let &II, fhm 
,Z*wontbeBii<BV;SV"^ iVV — A'S, .nj rV=AF— W. 
Xelithii ilptaliiin of Chnp. III., ]hRr= h, Fr=. «<; (JTsi rj 
MdeallCN,> ASia thevfrard oMeiirthe are LS^ ilTraf IT, 
and JVFufjiil'; atil if Ibr Ibe cbotd pf eocti of tfapa* iiM lf^ 



\ . 






or rabftkotiBg ftr JC& and JRC^ the apfranawte jwSneB JRFnd 

i5r= jn^— i^^zs ll/J L\,M»i 

2 \r uj 

Tnm theie yaliiai of SFand TK we obtain, 

TC = j?F_ rF= ii'^ J(l /JL _ i_\ . 

TUdng the reciprooak of RL and JX, that is dividing imit^lif 
tiie Talnea just firand for those lines, and neglecting the terms whieh 
involve the quotients of the powers of y^ by those of «, after tlM 

tint tnrm, (^ — \ , we hare 

FL u'l^^yr Ty "r- J 



IVom the &rare we have JRCa JR F— OF « tL—^r, and 

52"S/'^^7^*^~*'' end the equation &r the wlation rf 
JRC, RL, FC and FA becomes 

^['*-i-(4-4-)fl- 

PeHbraiing the divisions by u and »', indicated by the tenm of 
, tin eqtiatbn, and dividing bi^ sides of .the equation by r. 



= -(f-v)['+4(7— r)fl- 

yeribnniiif the muUipIicatiana required bj the expreeooiMi 
r tt fiVr u/2 

In Oisvilm of Jl. , the fin* two tenm oomnnd (o ths 

u 



▼ahie ftond, (96) art 50, od the nippoatiao that the pencil is 
■man, and.the third ccwitaine the correctioa for the abenatiQii, piO' 
dooed by the aiDgle apherical eurfiioe. 

(98.) The exprennoii iurt fimnd, may be ninplifled by aiibeti- 
tnting in the terms of the second member fyt u , its approzimato 
TafaM ftom equation (36X art 50. fVom that equation 

il = JL + (w — 1) JL , whence, 

u' u r 

JL = JLVJL + (m-l) ±\ , and 
tr m \ « r / 

i. - A = i- - i- (-L + (—1) ±\ . «. 

rtrr»\tt r / 

r n^ m \ r » / 

III order to redooe, with greater oonTenienoe, the ooeflSeient of 

iL. m (89) to its shnplest fimn, call that ooeffidenl i, thm nb- 

9 ! 

■titntin; in it the approximate Talaes of J!L and (J^ L\' 

Joit obtained, we hare, 



» = (i- _ i.y. /i _ jtii) . .==1 

(83) beeoDie* 

_n I , «>. — I , nt— • 1 

•(f-=fi>(^-^)'<^ «> 

• J8li^).1!i(]M(lw«ifroe»eQintx, ri^nq^Ove, and (Si^ lakM 
liw ftnUf 

IT' « t m^- 

: (f +^>- (I *f);f ••••«** 

And Ibr qpivfrgiiif .nje^ « being: iM^Mtnre, 

m Jl^ m, — 1 m — ;;l 

(T-=*i)(T -!);•■? ««• 

T^term in (8|) Jirhiph contaii^i the Gmrc6tiatk ftM* abernti&a, wiH 
vaakSi if ^^r en the &ctors ob^poiing it \£ould bo equafV i^n- 
F&nt,]et 

± _ J!L±1= 0. tSeiiiJLLi = i. , or, 
r ' tf «• r 

1 :.r ::. IB -f 1 ^; if. — * " ^ 

upon a convex spherical Biirface, when the aistance of the ramot 
pdinft .M a . fcattk-fto^rlisoalito I41 x^' audi jiii.4« It. . Bmtti: ^dftaot 
the reealt on page 56, of the text, is easily deduced. 

'11 , 

= 0, and u sa!f,r, 

r « 

cr fhe inciA3xiLra^&.6oqverget^ the centre of the sp|ierical siir&ce. 

(100.) In art 43, it v^a ^raark^d that making m ^ — 1 in 
the fbrinuls for refi^l^oB, tha^caMek would represent the oor. 
reeponding ones in refiexicA." Making »^W — 1 in (83) w« hv9% 



y» 



or. 



»' u r r \r u/ ' 2 

IT ft* r Vr »/ ' . 

a rwolt which aiprees with equation (76), srt. 93. 

(101.) Pkot. XjlviII. 3b determine Hu aberration t» a jieiidl c/ 
rsyi, o/ier refiracHon by a sjpkerieal lent. 







Jt beinjT tlw nfiant point of a penoil of ray» ftlfinif «pan tho 
lens LVV'L\ let RL be the extreme ray of the penci], and R the 
Tirtaal fi>ouf of the extreme rays, after refraetioii by the first- sor- 
&ce of the lens. If now we sappose a pencil to proceed from IT, 
considered as in the denser medium, tiie extreme ray of this pencil, 
RL\ will be refracted into the direction, L'M^ whidi, if oontinned 
backward to F^ will ^ve the virtual focus of the extreme rays. 

As before, represent JiFby tc, It'Fby tc', and CL by r;&rtlior, 
let RV= v\ FV= », Cr27= r', and VV^ t 



By the preceding; proposition (equation 83,) we have 

m — 1 , m-— 1 



m 1 . 

"~#~ ^^ ""~ t • a 



<T-"-?i)(7— r)" 



11 

3 



(83). 



The ease of the second surface wOl correspond to that of the 
first, if we consider F the radiant point, and K the virtual focus ; 
9 must be written in (83), for ti, v for »', and r' for r ; we then 
obtain 

m 1 , m— 1 , m— 1 



(T-^)(f-T)'4- 



F2 






iihd negkttiiig fhe powers of f above flio fint» 

W» BM|f farther a|iproTinwtft to this Taloe of -^ t by mdMC^ 
ittlliif ftr , in Am 8eoon4 member of the equatian, its ap- 

imiiimete Talo^ from (26), art 50, namely, 

A =' X (— + inlV'; whence, 

tewlMb th6 nJoe.of J!L « iiPom.(89Kb^i« ^^^ 

V « r mVtf r/ 

»a\r ii/\r »/ a 

By snbMitotkig ftr ^. , in equation (86), its valoe just ftond^ 

=^[(4-^)(f-T)-(7-^) 
.(i,_i)'].|:.....c«. ^ 

We. aecb in.this ibnQulat first, the twp terms whi^denote tibe. 
reciprocal of the ftcol distance of an indefinitely small pencil;' 
second, the correction for fbiciuiess; add, in the last term, the 
correction fi>r aberrttidn. 

(109.) The ffCQ/eral fcf mala, ,(87X l^eeomeiL leas eovpiez, and 

E' es resuitt- of considerable prectical Ireportwiicei wlkai applied le 
case of paralkl rays. 



Prop. XXIX Tke hieideni tmf$ heinf pandM^ to determiiM ih§ 
^bemAwti^ the penHU aft^ refraetton hy a «f)Aertca2 Una. 

In this euB^ .-r-r .== Oi 9nd (87]f becomeit 

'Si'[^-(^-=^)(y--l-)'H--« 

The correction for thickness, cx>ntained in the second term, tioM 
already been wepuaUAy ooiuddered, articles 55,.G7t &e,i we inay 
therefore leave it out of the question here, making in (88) t =si o. 
I^srliher; to approximate to m. ralne of v, we ma j substituted fbr 

JL in the ■eoond member q£ the nine equation, the appioximats 

talue -1- , or (m — 1) ( ^ t obtained by making — 

f \ t r, / u 

M in (28),' art 534 

We have, then, from (88), 

1 _ 1 , m--l r ^ _/i *!L±1\ 

•CtakfatflkevidiM of b, diiidiBg by tha im mmt tc /t ttw.ftw^ 
■ad neglecliiif the power* of/ higher than the aeoond, 

""= f —i;^ b^ - \-r — J-) 
•Vv-T)i "3"' 

Uie flft^mrtum in 2eii^ therefore, is represented by 

.{^-i)-].^ <* 

(1091) To aroly the formula. just obtained, to a douiHk eon|w« 
leni, r and /^urt 62,) must be made negative, whence 



» — 1 



a = 



vifaie of the «bemtion havinif the poatne ngn^ wluk the 
«pproziinate focal length has the negative sign, its offset on tbs 
fiical length, ibf rays not near the Textez, is sirotractive ; 8hDwia| 
diat the ibcos of such rays is nearer the lens, than the ibcos of 
rays incident near the vertex. 

(104.) For an eqm-emwex^ gla$9 kna, r «b r', m is ..^., and/ 

wm r, disregarding the sign, since / has already been made aef^ 
tive in (90) ; and from (90), 

5 «* 
3 r 

If we rappoee the beam of light to occupy the whole apertun 

ef the lens, y beoomet the aemi-hreadth, and y' = _ . Sr 
Maiy,«vy*Mft, and f ■« IL; writing f Ibr X. in the vilm 



of «, jnstfiMmd, 

the result stated in pangraidi 3, page 53, of the text 

aQS.)Ifm^—,vidf:r^:iUiS,otr^ss ^r, we hive 
3 .2 

from (36), 



± = - (m - 1) ( J- + 2.\ = « _L . ± 
/ ^ ^\r ^ r'/ 10 r 



,aDd 



^ 7 



Subetitnting these values of m, /, and f in (90), recolIectiQg 
that / has been already made negative in that equation, and tZiat 
now its value is to be placed there without regard to the aigOt it 
gives, 

9 Lf^ ^ VSr ^ 3 lOr/ 



9 L ^ V5 ^ ao/ V5 ^ 107 J 7» / • 

7, jr«. 

6 / 

* This is the eaaeof fm imeqiullT oonyez kns, in Wjbich the mora 
ooDTez dde it. turned to incident light. 

^106.) In the ftano-comfof km, if the plane dde be torhed 

towmrds pennel raja, -L = o. and /= 9i^; if the material be 

^MB, » ss ^ « and fbm (90) we. obtain 

/ 

' Iti^fMllt-glvTOfaipafBgtaphl, pese.59^ofH»tH{t 

•I 

In the^nviie ]en% nfith the oomrez aide tgnied to pafalbl raya^ 
Jl 3s e, and /■> 9r« whence £rom (90), r and / havinf ahead/, 
been made negMiiea» 



^b*^-Ty-i- 



/ 

The result stated in paragraph 9, page 53, of the text 

(l<rr.) Pact. XXX: T^deUrmnt tJu.niio cf Oe radif of fte «ir- 
/0cet offf double eonvfx lens^ vBkteh tkaU product the leaH tier 
ration^ wi^agiagnfocal letigth.and aperture. 



To solve this aaestion we most determine the ratio of r and / 
when a is a mimmum, / and y being constant. 

Diflerentiatbg the v^ue of a given in (90), considering r and 
f^ as' variable, and disre^rding the constant multipliers, we obtain,, 
after changing all the signs,' 



T^ tMBm oar jejukt assmmmsbum* • AFffSHOiz. 

+(-f+f)"^ <"^ 

Bok from oqiutum (36), att 63, we htm 

^ = _(*_X)(i+4-).cr. 

— 4. ^ r= .. f . — , whence, by diflfeientiating, 

r ^ f' w — 1 f ' 

_ + -^ = 0. or, 
A^ dr_ 

8d»lltiitbg in 91) tfaii T«hie of ^ , and divi#qr V^ 

T 

*---;r-V"F + -7-; 

whieh, by iW qmeatiao, is e<iiial to aoio. ^bi&^tjmg bgr t* im 
obtain 



r« 



— (-—+ tV'^ ^^ 



Fran aqoalion (36), ^anfj^ding the aign of /« 

Sobetttating thia Tahie In (92), and arranging the tenna 

3 6 3 2 2(m + 2) 

f'* .(m-l)/.^ "^ (m — !)»/* 7« "p 

^m + 1) J^ 8 1 _ 

-(;jir + ^ + «)-7^ + 

(ss:?:^-, -*•-') •:F'=- 



•ad bjr tnnipontioii and mnltiiiBcatioi^ 

= (5;rir-*"~') f ^ 



irtebnaiiafglM^orMas -L, 
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6 


« 


21 








r' 


— 


/ • 


or / 


6 


•/» 


but ftom (36) 
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Comparing together the valoM idyteiiied ftr s^ai^ 

r : / :] 1 : 6. 
This lens is known to optidanB as the croned kns. With th» 

moie oohtbz side tamed to poraUel njB the aberration is L. . IL 

which IS less than that for the plano-oonvez lens with ffie oonvez 
side tamed to parallel rays. 

(108.) It would carry us beyond the limits of this Appendix, to 
go into the investigation of the aberration of combined lenses. 

Befbre leaving this subject we purpose to show a method by 
which the sur&oes which refract rays accurately to a point, may 
be determined. 



Pltop. XXXI. 7b determuu the eurvatitn of t&s staface of a 
dUtm, 90 tkat rayt pa99ing into it, fimn a rarer Mfiiiiiiii, mn^ he 
refracted to a point. 

Fig. M. 




' . As we have found a oonoave surface to^^ive only a virtual fbeos^ 
we proeee^ at onoe, to examine the case m whioh the swftoe c( 
the denser medium is convex. Let JR be the radiant point, RL a 
ray meeting the surface at L and refracted to F: let JL' be a point 
fitfther from the vertex V than A f^' being the incident and 



UT the vsfracted rar ibr Ibk point J>r»v tfas mmpiX\<ts^w 
L'tt wai L'S Qpun the incident and refracted raje ^£' and'X*^, 
respectively. ZijR'imll be /nearly ^utl to ilus ibcrcinent of the 
iBOident ray, and US to the decrement ATthe l^t^fmcied ray, in 
iMMbf fr^ the Doiiit /; to L\ Call £!<,, «\ uul ^^ — «'- "ca 
if X' be suppdeed Very near lo L^ LR s c{t/ , and Xfr s='ifif'. 

In the triangle Z'Ur, .^ « m. i22X' =-: an^iMAsMi, 

and in X'ia; ^ « .. V.; = _ :\ i 

US COB. iSLL' sin. rcfiraotioii 

LBf ■ sbpu incidence i 

-■, £s: ■ - I -- . I .1. I or, 

sin. rcfmetion ' 



du' 

isr "= •*• ^'* 

4ni •■^•'■■■s sac • • • • •■<%\<r9^ 

tiM d iib ffB Ut ial equation of ^tlie cnrra which, by a revolutiati aboiat 
Ifai Mis A^f inlljirodiipe the surfai^ required.. ■.ToJntegntev.Vi 
If -« n, ana FFa — «, th^ ccimptete miegiklbf (M) i&ffi'bft 

ic'^^ tt litt m (v' -^ V) . . . .'. (9S>. 

<U0l) ]f tk«4i«»d^fVsbe|i0rattr2,u'--ti«» Fl^j^.N. 




ISr we pot t^ sa A -^ :r, (9i5) beoomeii 

JL — . s K m (v' — e), whenoie^ 

• =-i,'-.jL:iL,or, 
m 

»s=:V-«4- + ~ (96). 

mm 



Tbe fifdiition for the distance of any point in aiL,elltpne finMB 
tfw ftfOnr ficds is, (Tduri^^s Aiialyt 6K>m.'ttrt 47, p.*^ 

S so ^ ^ «;t, 

hkymOuft <1 ; wilhtfais(9e>afvee8in lbnn,and willbeidaAmdiiC 



«^ r=s s ^ ..p , ana t? .a.— » 



Cttkir. VU LKETOBi TiniHOVT ABBBRATIOm - 79 

ScMitnting lor m in the leoonfl of tbeie eqnfttiooib Hinlue 

t^-^e^ A^ or ©' B= \A 4- «. 

We find, then, that «ti eU%f»<M nf whiek tkt temvirantversB 
axU U to the excerUriciiy a$ the index <ff refiactum ia to unity 

ifjSLii=zin\tDlU refract paralkl rayt, aecuratdf^ to thofatVier 

If a lens be formed, of which the first surfiice is a pcMtion-ef 
the ellipsoid just determined, the second surface should be (art 99.) 
a portion of a sphere, having the &rther ibcus of the ellipsoid as 
its centre {fig* 38, text). 

(110.) Equation (95) may be applied to the case in which the inoi. 
dent pencil passes from a denser to a rarer medium, through a'oiin- 
fcavei 'surface. Then Fl^ FL\ fig. M , would represent the incident 
rays, and ZlJ?, L'R th^ refracted rays, and the ratio of thie= steec^ 
incidence to the sine of refiraction would be represented bf thi 

fraction ; substituting thb fi)r m \n (9d) we have 

m 

tt'— tt =r i_ (r'— t) (97). 

ffl 

For the case of parallel rays, {fig, 40., p. 55, text,) hf proceed^ 
ing 86 in the last article, makmg u' — us± A — or, 

©' — V = ni {A — x), and 

» sa »' — mA + war ; 

an equation of the same form with tliat befbre obtained, and re- 
presenting the distance of a point in a conic section frond tli^ 
ftrther ^08 ; in it 

f n =r e =s — » and n' — mA == A. 
A 

iSinee m > 1, e> 1, and the equation belongs to a hy]>6rbola». 
(Yoong*s Analyt Geom., article 79, p. 104,) the equation of 

v'i=i A -f mA = il + c. 

Ifi then, we finrm a lens with the firet eufface ptane^ and th^ 
oecond that of a hyperboUnd of which the excentricity is to ihe oemu 
tranooerse as the index of refraction^ of the material of the Ung^ 
is to unity^ parallel raySf incident perpendicularly upon the firwt 
Hirfate ff Uie lensi wtM fte refracted to the farUnrfbem ^th§ 
hyperhoUrid vyhidi forms the second surface {fig* 40, 4dM)« 

(111.) The' cases in whi6h the ab^fratidR of cenvernM[ rajni 
upon a spherical surface b zero, (art 99,) are contained in^BS); it 
is unnecessary, however, to discuss it farther 



74 OAVmO FOK PABALUBL RATI* AFPBIVBIZ- 

tllSL) TIm ftmiB of miTTon <mtlicNit wbetatiaa may sIbo be 
inftRM from the equations joat diecuated. The convex tnimr 
will be given by meking m s — 1 In (94), vfamioet 

^ ^ fie 8 e, and Int^ratin^ 

ii'_,/(-t>)=»C (98). 

By thie pffepartf we recognize the hyperbola, the dietenoee nf and 
-«!' being thoae of the point, from the two fbcL 

For a concave mirror, vf and «' have the same sign. In equatioo 
(94), and 

du' ^ dW^Ot or, 

m' -f e' = C (99). 

The mirror is an eUipmnd^ the radiant point coinciding with out 
fieuB, and iJU rays being cMected at the oppooUe /octie. 

If one fiicoB remove to an infinite distance, the eUipeoid h ecpine s 
a parabfflftidt into the fi)cus of which the rays whieh have been 
noosed parallel are coliected. 

Caustics by Reflexion, 

(113.) It is not intended to enter flilly-into this sobject in rela- 
tion io both reflexion and refraction, but to confine the diacnssiaD 
to examples of the caustics produced by reflexion. 

The formula for the oblique pencil, art 29, dcrC., gives, in certain 
cases, an elegant and easy method of determining the ftrm of a 
seetion of the caustic surftoe, produced by reflexion from a 
spherical mirror. 

Pior. XXXII. 3b determine the form of the caustic produced hy 
the reflexion of a^ pencil of rays from a spherical mirror^ when 
the rays are paraUel ; ania also when the radiant point is at a 
diameter's diiance from the vertex of the mirror. 

FiasT. When the radiant point is infinitely distant, or ihe rays 
parallel 

LDM representing a section of the mirror, let RL be a ray mcL 
dent upon it and reflected into LB; then, the focus of a small 
pencil meeting the mirror near to L will be the point F fimnd from 
the value of e in the equation which concludes art 30, namely, 

V rs _ . COS. ^. 
2 

To coDstmet this value of ti ; let fall finm C, CP perpendicular 
to the reflected ray LB^ then 

LP M LC • COS. ^ BM r • COS. ^, whence, 
e~ ^^ 
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Biiaet LC in E^ md LP 'm F, then XFJST it a right ugk; tfa» 
point Ft of the feauitic, is, thereibre, in the circamierenod of a 

of each pdnt in the curve,' the caustic curve is an epieydoid, the 

^. O. 




cttameler jof the generating eirde of which is equal to the 
the haae ; this Uuter being half the radius of the minor. This cnrvie 
and the circle LDM revoking about DC, as an axis, would ^[ene- 
rate, respectively, the tnii&joe of the caustic and that of the nonor. 

SiOQiin. Let the radiant point be at the extremity of the d^ 
•meter of the mirror. 




The ray JRX is reflected into £B. To And the podtioii of F 
tqpon LB^ we recur to equation (11), art 99. 



Tffi cumnuL MiUtixoii of cAvmnc cvstk. 



V r.ooB.f 

ikjvmf^ OP pcvpindficiibr to KX, 

LP 8s r . COS. ft whence. 



V u 

^ u LB ^ 

3 3 

CL 
If CJ7 be m»de =s —^ » the perpendiealar from £ to ZtB wilk 

intereeet it in the fbcjiB F. The locus of these foci is, therefore, 
•n epicycloid, of which Che diameter of the {feneration circle is 
to the radios of the base as two to one. This curve is the cardioid 

(114.) In eanttderinfjr the subject in a nxire gfeneral point of 
liew, we may detennioe the equation of the curve of section of 
the caustic, the position of the radiant point and sectioD of the 
Burror being given. 

ifmn. XXXm. Tb determnu tiU tqimtian efik^ euros uUddkiB. As 
90cUpn pf m cauttic formed hy a eurvei mirror, Tkt ^ssc<te 
.iM>V made.ky •plane p^nmg through the axU of the mirron 

W« reftr the^eurre to polar co-ordinates, the radiant point being 




Let B and B^ be two points very neaur eaclvother upon the curve 
which is a section of the mirrop ; let C be the centre of the osca- 
lating circle to the carve at either of these points, so that the 
Vpitifm,,d[,fye cmh dnd^uriM k^easly coiadde between A andiB'. 
MBf Rff representing' tiv:o. incident iAy% BP^iMF ar^tfiMV^ 
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flactfld rays. Call jRB » u, BF s o, the nngU RBC a ^, JtFC 
ss ^', the perfiendicular RP^ upon the tangent HP, s ji^ the ra« 
diua CJI a Cir SB r. Jdn Fie and let M the perpendicular 12Q, 
upon BF. F bebg a point in the caustic, JFR is the radius 
Teotor of that point and RQ -a perpendicular upon the tan^pent; 
call JSF, «', and JRQ, j/. An equation between n' and j/ will bo 
that %f the caustic curve. 

In the acute angled triangle RFB^ since the segment BQ a 
RB . COS. RBQ, 

v^'tBU^ J^ 1)3 _ 2tto . COS. 2^ .(1^); 

and in the right angled triangle RBQ 

p'sssu , sin. 2^ • . • • . (101). 

To eliminate cos. 2^ and sin. 2^, we proceed as fidlows. Stneo 
RP and CB are perpendicular to BP, they are parallel, and tht 
angle PRB » RBC » ^, and 

COS. ^ z=z Jl. • 

u 
But, by trigonometry, 

COS. 2^ » 9 C0S.9 ^ — 1, 

■ad bj substituting fi>r oos. ^ the value just giv«a, 

COS. 2^ = ^L — 1. 
We haf« also, by trigonometry, 



u» 



sm. 2^ sa v^l — cos.« 2^, or. 



sm.2^=^7l-i!i. 
u ^ u' 

Substitutm^r these valoes of cos. 2^ and sm 3^ hi (100), and 
(101), respectively, we obtain 

«'> =s «« + »» — 2tte ^.?i?! iVand 

^^^p/rrK acs). 

The Talue of «'' may be written under the mora simple firm, 

a'* = (« + 9)' — Jte!l (103). 

G2 
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THw «»J"*MMfc hatwam m and • y¥gn. by acmatUio (Xl\ aart^cr 

tt o r • coB.^ 

mijbe mwUedtothiscaw by takingr torcpfeMnt.tii0 Eidia»af 
tlw OMulMiiif eirole, wfaidi ia, 

ndu 

' = -*- 

Sobatitiitiiig this Talm fat r« 

* J, J^ •— - =s — -^^ f <*! •MO* 

■ • OOB* 9 

ooa. ^ as ^ t 
11 

JL + I. = ^ . wlwuee, 
« «. pdu 

9 Jpttdtt 

.=■ r**, .....(IM). 

If tliii Talne of o be substituted in eciuation (103), we shall 
obtain a new equation, which, in oonjunctiott with (102), will give 
the rehOion of tf' andy in tenns of u, p, du, and dp. The relatiaii 
of the last four quantities mentioned will be ptYen by, the eqna^ipa 
of the reflecting eunre and by Hs diflSsrential ; eliminating ibeae 

ritities, there wiU.resi]^ a single equation between uf and j/, 
equation of the caustic curve. 

(115.) To give an examfKle of thia method, of. prooeeding, let the 
reflectmg curve be any portion of a' logaritkmie ^ral^ o£ which 
the equation is, 

g ss llllt* 

The general value of e (104), is first to be applied to this par 
tletfiurcaae; 
IMflerentiatiBg the equation of the curves 

t(f^ wmdu, wlienoe (104) becomea- 

pudu ]pi jw* 

Thb value of v substituted in equation (103), gives 
«'> -= 41.2 -. i^ = 4i|2 — 4|i»t or. 
SI'S . 4if9 ^ 4,n'«> «B 4tt» (1 — m'), and 



OBAt* n* 1K>UBLB BJBFRACnoif. 79 

.tt' =» 2tt Vi — m». 
AImh fircxn (lOS), 

j/^flmu yr^I^^ 2mu y/i^m^, 

or unee we have jiut feund 

|/sssOttt'. 

The eeetion efthe OMwtie eurftee is, therefbre, a UgarkkmU 
Mpktd d^ering ofdy in pontion from the rejleeiing ctinle. 



CHAP. VL 

ON THE DOUBLE BEPRAOTION AND POLARIZATION OF UOBT. 

(116.) Although it does not enter, into the deugn of thia .A^pen. 
dix to ahow the. method of deducing, from theoretical coaaidBnu 
tion^, any of the general laws of Optics, I hare thought that ii 
may assist the student to give the ^rrouls to whieh twee oonsid* 
orations lead, or which have been deduced from ezpeiiment, in 
eertain particular cases, discussed in the text The fi)rmula, or 
general law,,once remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi- 
vidual results. 

Dauhk Refraction oflAghL 

(117.) The fermoht which r ep r e se n t s the law of extraordmar^ 
refraction in doubly refracting crystals, becomes, when the.inci- 
dent ny is in a plane passing through the axis of the crystals, 

m'« ac m» — (m* — m'2) . sin. « ^ (lefi?). 

m which m' is the index of refraction of the extraordinary, ny, n^ 
^at of the ordinary ra^, and f the inclination to the axis. In the 
spheroids constructed m the text {figf* 77* and 79.), to give, the 
index of refraction of the extraordinanr ray, if the azis.woioh co* 
incides with that of the riiomb be called 6, and that perpendicular to 

1 ■ ' 1 

the same axis a, then by the construction a = — , , and i s= ^ , 

m m 



(105) 

h^ Via aV ' 

As long as m > «l^ or ^ > i.,that isc >A-^/.^^ JL\ 
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(Jijgp.TT), win be negathre, whence the term eryttaU with a negtt- 
ttM axh which applies to this class. Wh«a a < 6 ijiff- fS), 

i. ^ 2. or m' > m, and -. (~~- ... _- 1 becomes additive, and 

the crystals are said to be erytUdt with a ponHve axU of doable 
refiracUon. 

(118.) In the plane of principal section the tangents of the angles 
of ezbaordinary and of ordinary refraction are in a cxmstant ratio 
to eaeh other. In the plane perpendicofaur to this, the law of the 
sines applies equally to the extraordinary and to the ordinary ray, 
but the value of the constant quantity is different fat the two rays. 
These are the only two cases, in which the extraordinarily lefiacted 
ray is contained m the plane of incidence. 

(119.) When tight which has been polarized by doahle refiractioo, 
in the plane of principal section of a crystal Iceland spar {fi^ 
84. and 85., text), passes through a second crystal, the relativs 
brightness of each miage, supposing that no hght is loett by re- 
flttdon er absorption, may be expressed by the following fijrmnJa; 
ia which Oo, Et, Oe, and Eo represent the images £>rmed as de- 
Mrlbed on pa^ 140 of the text, « is the angle which the plane of 
ntiBcipal section of the second rhomb makes with the same plane 
■I the Urst, md ii is the brightness of the incident ray. 

Oors: La, COS.* a ^ JEe (106)« 

Oe = JL ji . sin.' a = £(9 .... . (107). 
2 

The ram of the brightness of the four images, 
Oo+Ee-\.Oe+Eoz=iA (cos.^ a ^- sui.» a) s=z A, 

From the foregoing formula (106. and 107.) we may trace the 
changes of brightness in the several images, as described in paces 
140, 141, of the text (Jig. 86.) ^ 

When the principal sections are parallel, a ±= 0, cos. a = 1, and 
em. a zsz. 0, therefore 

Oo=zEez=: La Oe = £S9 = 0. 

By tnmmg the lower crystal, a assumes a 6nite valae and the 
fma^ Oe, £o appear. As a increases, sm, a increases and ooe. a 
dimmishes ; Oe and Eo^ therefore, increase in brightness, asd Oo^ 
: Be decrease. When a = 45°, cos. a = sin. a, and the foor im- 
ages are equally bright The angle a increasing forther, Oo and 
j& become more and more fiunt,and disappear when a = 90^; at 
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tbk angle Oe =z Eo ss: — A, The rotatkn of the lower ^fM 

being continued be3rond 90^, cos. a takes the negative sign and 
increaaea nqgatively, while ain. a again diminiahea ; wben a sa 
180^, oofl. a =s — 1, aiB. a bs 0, and Oe, Eo again diaappear. At 
this angle the two images Oo^ Ee coalesce, the two extraordinary 
refiractioDs taking place in (^posito directions. 

FaUttrizaiion of Light by Rtfiexwm, 

(130.) When li^ht has been polarized by reflexion fhnn a sur- 
fiice, upon which it Alls at the maximum polairizinf^ ai^^* ^ 
£>Uowing empjrical fomrala, detormined by Mains, wiU represent 
ihe intensity of the light rei^eotad from another sut&oe, upon 
which the pencil is incioent at the polarizing angle : (Jig*'f^$ psgt 
143, text.) 

/^ A. COS.* a (108), 

in which / is the intensity of the reflected light, A that of the ind* 
dent light, and a the angle between the plane of incidence and that 
of the second reflexion, or the Azimuth of the plane of the second re- 
flexion. When a as 0, or 180^, / is a maximom, and when a sp 
90^^, or S70O, / a 0, and no light is reflected. 

As a ooosequence of this kw, a beam of oommonligh|t, as ftr ms 
brightness is concerned, may be represented by two beams of 
polarized light, having their .^anes of polarization at rij^ht angles 
to each other : fi>r, the angle between the planes of polarization and 
of reflexion of the one ^ing called a, that of the other will be 
90^ f— Of and fimn (108) we shall have, lor the brightness of the 
two reflected pencils, 

/ssiLcos.9a 
/' » A. cos.' (90 — 0) a it sin. »«; 
whence* 

/ 4. r » ii (COS.' a 4. sin.' a) a ii, 

the sum of the intenrities, of the two supposed pencils, remainiBg 
the same whatever be the angle a, which is characteristic of oom- 
mon light 

Equation (108) applies to the case of light pdarized by refirac- 
tien* and incident upon a reflecting sorfkccf at the angle of com- 
plete polarization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexi<m. 

(ISl.) The law, deduced by Sir David Brewster, as expressing 
flie relation between the phenomena of i%firaetion uid poiariMation 
hy reflexion, wlien light fiJls upon the fin^ sur&oe of a bodyi is 

tan. P a m (109). 

P being the poluriziiig aiigle, andm. the indaz of lefraction of the 
material u'led- 
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From this Ibrnnilat if we sappoie the Ivht to be incident at the 
pdariang angtei and caJd R the an^ of refraction at this ind- 
doneei 

tan-Pss""*^ ;battan.P=s "^^ .whence 

Bill.Jl OOB.P 

sin. it » COS* P, (110), 

or the maadmom polarising angle is the complement of the oor- 
respondind^ angle of refrmeiiim^ and the reflected ray is perpem- 
^cular to the refracted raj. 

(133.) If the light which has passed through the first surfios 
&I1 upon a second, parallel to the first, the angw of incidence upon 
the first sorface being P, that on the second is JR, and JR » 90 — 
P(llO); whence, 

tan.l{a>cotP:biitcotPs: .^ ^ = — , and tfaerelbrB, 

tan.P m 

tan. JR » .L 
m 

or the tangent of the incidence upon the second surface is tht 
index of the refraction from the denser to the rarer medium. R i», 
therefive, the angle of polarization for the second surface, and the 
fight reflected from that surface, as well as that fivm the first, wiH 
be polarized. 

Law of Partial Polarization of Light by Reflexion. 

(133.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is due to Fresnel, by which the eflfoct 
of any number of reflexions, on the inclination of the planes of 
polarization of a beam of light, may be determined. The eflfeet 
of a single reflexion at an angle diffiving from the p(darizing angisi 
is given by the equation 

ton. ^ = tan. « *^ ^f "^ *2 (HI). 

cos. (t — i*) ' 

in which formula, t is the angle of incidence, i' the ccnrrespondioff 
angle of refiraction, x the primitive inclination of the planeof 
pouirization of the polarized ray to the plane of reflexion, and ^ the 
mclination of the some planes after reflexion. The ang^le i — t' if 
evidently the deviation produced by refiraction, and i ^. t' is the 
sopplenient of the angle between the refiractod and reflected nja 
When X n 45^, the case cmisidered in the text, p. 150, tan. xs 1, 
and 

t«B.#-£2i^t+-2 (119). 

COS. (t — - r ) 
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(124.) The effisct of wueeeatite reflexiona of a peiieil of eoimnoQ 
ughtf or in which x n 45°, may be deduced fix>m the first equation 
& the value of tan. ^ (111) ; for if represent the inclination of 
the plane of polarization to that of reflejdon after n reflexions, 
tan. ss tan.* 0, x and preserving the same relations to each 
other after any number of reflexians ; whence, 

t^.»= '^f + % (113). 

COS. (» — r )" 

Since tan. ss tan." 0, and by the supposition tan. ^ is not sero, 
it appears that although partially polarized light may have its 
planes brought indefinitely near to parallelism, by increasing 'the 
number of reflexions, yet tan. 9, and therefore 0, cannot become 
abwlutely equal to zero by any number of reflexions. 

The rormula for the quantity of the apparently polarized light 
could not, advantageously, be introduced in this place.* 

Polarization of Light by ordinary Refraction, 

(125.) From an examination of the e^ct produced by a single 
surfiice upoi) the two planes of polarization in the beam of commoa 
liffht, Sir David Brewster inferred, that it depended upon the angle 
or deviation of the ray, and was represented l^ the formula, 

cot ^ « COS. (« — (114). 

in which ^ is the inclination of the planes of poIaTization to the 
plane of the refiraction, and i and i' the angles of incidence and 
refi-action of the ray. When i — i' « 0° or i «= 90o, cos. (» — H) 
e= 1, and cot ^ s=s 1, or == 45°, and no change is produced in 
the inclination. When i — x' = 90°, eos. i — i' = 0, and cot ^ 
as 0, or = 90°. 

When the light is not common light, or light in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if X be taken to represent the inclination of the planes of polariza- 
tion of the beam to the plane of refracti6n, 

cot ss cot X, cos. («' — t') (115). 

If the light foil upon a second surface, parallel to the first, x for 
that suriiice is the value of found for the first, and if be calkd 
the inclination after n refractions, 

cot fl = cot" xs cof X, cos." (t — i') , . . . . (116). 

When cot a? = 1, that is, in the case of common light, 

cot a = COS.- (i -- i') (117). 

(136.) By combining this formula with that for the partial polar* 
ization by reflexion, we can readily obtain the efiect produced ujpon 
light, wmch should reach the eye, after two refi*actionB, at the first 
surface of a plate, and an intermediate reflexion at the seooiid 

sor&ce. 

» ■ ■ ■ ■ ■■- -■- <• ■ ■ ■' ■• 

^Sir D.^rewster, in Phil Tran*. (Lon.) 1830. 
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IM f i f ifummi the iadimtSoB of tbe plane of polarizalkjki to 
tka€rfefiraetioo,aABrreihk6tioob7 the first soiftee of tbe ^te; 
f^ the Jnetinetion pMAoeed by the refleadon at the eeoond snrftee; 
aBd #'' that pfodinsed by the seoond reftactixm at the first eur^toe^ 
aa the ny emergea. Callings, aa before, i the angle of inctdfinoe 
on the firat enrftce, i' that St refraetioa, and « the inclination of 
the planea of jpolarization of the ineident light to the plane of inci- 
dence ; then mlm (IISX 

oot#»cotx.eQa.(t — iOt or taB.#=s; tan, x ^ 

COS. (i — i') 

Tnm ftnmda (111), fbt partial polarization by r^ezion, 

tan.f>=:tan.» ^^'^ <* 4- f .^t^LX coa. (» 4, tQ 
^ oca. (i — O ooe. (f — O* 

Ripiation (115), applied to the second sarfaoe of the plate, gives 

oot^^scoLf'.cos. (t — 0; 

whMioe, by sabstitatiiiig for oot ^' the reciprocal of the Tatae jost 
nwind wot tan* ^, 

«ntA"-. 1 COS. (i — 0» 

tan. X cos. (t ^ r ) 

€Ot.f''=oot4r.i2L^Ifi[^ ....(118). 

cos. (t 4. t^ 

Foe eotmnon ligiit, in wMeh x is 45^, 

cot ^ as cos. (i t'), 

tan.*'= .^^liiiil. 
coa.(i — »V 

^^.^ cos.(»---,T (119J. 

cos. (t 4. t ) 

IC ill this latter case, 

cos. (i— 0» = cos. (t -I- 0, 

eotf^il, orf «.45<>, 

and the light polarized by the first refraction and the intermediate' 
reflexioQ, wffl be restored by the refiaction at emerffing* to the state 
of common light' The above equation will be satufied in gUun cf 

which ^^ = m = li»25, at 78° 7. 
am. r 

If cos. (t.— r)3 > COS. (t -f 0, which would occur by dixnm. 
iihing i, cot 0" > 1, and ^"<45^ 

If CBi. (f — ; f)? - <»s. (§: -I- 10 tan. ^' » 1, ^' i«:45o,.orthe light 
polarized bj the first refraction is restored to oommon light by the 
rsflejdon. When refracted at the second surfiice, since. 



CHAP. Til* TBBOKT OP THB XAimOW* S5 

COS. (i + t') CM. (» + 

C0t*"e=CO8.(t — O. 

or the light 10 repolarlzed at tiie ■ccond rofrftctioDf and the effect of 
the plate is that of a single surfiice.* 



CHAP. vn. 

OP THE RAINBOW. 



(127.) To explain the thbaey of the zainbow, we begin by the 
ibllowing proposition. 

Prop. XXXIV. Araytf UgM enlen a rgfiraeHng sphere, is re. 
JUcted any number of timeSt and emerges ; to determine the devia- 
tion when it is a maximum^ or minimum. 



Let RL be a ray of fisht, meeting the refracting sphere LMNP 
at Lf and refraetod into IM; LM meeting the second surface of 
the sphere ot M, is in part reflected into Af iV, which farther suffers 
reflexion at NP, Uking the direction NP ; that part of NP which 
is not reflected, posses out of the sphere, being refracted into Uv 
direction PF, By the law of reflexion the angles CML, CMN, &&, 
are all equal to CLM the angle of refraction at the first surface ; 
the angle of emergence IPP is, therefore, equal to the angle of 
incidence RLK. Call the angle of incidence 0, that of refraetion 
^ ; the angle of deviation of the refracted ray LM^ or the angle 
HLM z=z ^ — ^' ; the angle of deviation at emergence, or the angle 
JfPO =: ^ — <p'; and the sum of the deviations is 2 (0 — <p'.) The 
deviation produced by thefirst reflexion, or EMN=s 180 — 'LMI9 
s= 180 — 2^', and at each succeeding reflexion a new deviation of 
equal amount is produced ; the total deviation, therefore, afler n re* 

* Memoir by Sir D. Brewster, in PML T^rans. (Lou.) 1830 
H 
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flndoM IB I8O11— 3ii0'. The Bam of the eflfects prodnoed by boCii 
fsftactioD and reflection is, calling 3 the total deFiation, 

a = 180« — fht^' 4. 2 (f — ^'0 or 
i «. I8O11 4. 2f — 2 (n + 1) ^' oaof). 

In which equation ^ and ^' are connected by the equation, (17« 
art. 390 

sin. ^ es m. sin. ^' (17). 

When a 11 a maximnm or minimum, <2J ss 0, and by difiecen. 
tiating (120,) considering ^ and ^* as variable^ 

2<(^ _ 2 (n 4. 1) <i^' » o, or 

d^ 8 (A + 1) d^'. 

By diflerentiatbig (17X 

d. sin. ^ OB m. d sin. f\ or 

cos. ^ • d^ a m. COS. f' . d^'. 

In which snbstitnting the value just found lor d0, 

(n + 1) COS. f . d^' » m C0& ^' d^', and 

(n ^- 1) COS. ^ S3 m . COS. 0'. 

To comlune this with (17), square both equations and add^ wa 
lUnra 

■faL »♦ -f (n + 1)«. oos.« ^ = m3, (sin.« ^' -f cos.* ^'); 

bat, sm.* f a 1 — 00S.S ^, and sin.^ ^' + cos.' ^' » 1, whence 
cos.a ^ ( (n + 1)«— 1) + 1 = m* 

(i»^-l)a-.l n3 + 2n n(n-f2) 



■ '^*=y^, ^^> 

(128.) The primary rainbow is formed by two refractions and 
one reflexion of the sun's light, by drops of rain, as shown in Jiff, 
134, page 224 of the text 

Producing the incident and emergent rays RF and Ogv until 
they meet at q ; (120) gives by making a a 1, 

a =:180 + 20—40'. 

The angle q (RqQ) la the supplement of tlie deviation ^, whence 

7 « 40' — 20 (122), 

and since q increases as i dlminislies, 7 is a maximum when ^ is a 
minimum. Near the maximum value, q will change' less fitr a 
given change of incidence than at other values ; and near this maxi- 
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inum, therefore, the incident pencil will emerge most copiously, and 
afiect the eye most strongly. When ^ is a minimnm, we have from 
the preceding artide^by making n &= 1 in equation (121)« 

oos.^= y^^izii a23); 

in which, if for m, the index of refraction of water fer the difl 
ierently colored rays be substituted, the angle of incidence will be 
£>und at which each color is most copiously transmitted to the eye. 
The angle ^ will be given at the same time by equation (122), and 
by the relation, 

sin. ^ 8= m • sin. ^* ..... (17). 

To determine the limits <^ the value of^g for the diflbrently 
colored rays, we take the value of m for the least and most reftan- 

108 
giUe of those rays : for the re<{ m =: --. , and for the moUt m 

109 
= . These values substituted for Yn, in equation (123), we 

obtain from (123), for the red rays, 

COS. ^ s ^092, as 590 21', and sin. ^ = .8603, whence from 
(17) sin. ^' = .6452 and ^' ^ iHP IV i therefore from (122), 9 » 
160° 44' — 118° 42' = 42° 2'. 

For the tioUt rays the same equations give, 
cos. = . 5199, a SBP 41^', and sm. ^ as .8543; whence sin. 
^' = .6352, and ^' « 39° 25', and j' « 157° 40'— 117° 23' =■ 
40<^17'. 

Thebreadtfaof the bow is measured by the angle qO^ ^=::OnR—^ 
9^»9_9'»42(' 2'— 40oi7' = P 45'. This supposes the 
rays to flow from a point The angle q being greater than ^, the 
line Oq is above Oq, and the red b the highest cokv in the bow. 

(129.) The Meeondary rainbow^ shown in the same figure of the 
text, is formed by two reflexions and two refractions: it corresponds 
to the case of m ss 2 in the formula for the deviation. From this 
formula (120) 

Jb360 + 2^ — 6^'; 

but the angle GqO between the incident and emergent rajrs is the 
excess of Uie angle of deviation above two right angles, whence 

9 » 180 + 20 — 60' (124). 

By the same reasoning which was used in the preceding article, 
it may be shown, that the difierent colors will be transmitted most 
copiously, at incidences given by equation (121), in which n ss 2, and 
m is the index of refraction corresponding to the colored rajrs of 
which the incidence is sought From (121) 

coe.0 = yZEi (125). 
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The rela&m of ^ and ^' U giTen by « 

■in. ^ SB m • sin. ^' (17). 

The limit! «if the Talae of q will be fimirt by placing for m in 
(125), and (17), the index of refiractien lor the least and most 

„ ... 108 , 1(19 

refrangible raya,or m « _- and m = -_ • 

By proceeding aa in the UlsI artiele^ we have fixr the red rajs : 
ooa. ^ » ^118^ ^ » 710 49i', ain. ^ » ^501, ain. ^'» . 7126; 
^' » 450 27; andqz^5(P ST. 

For the violet raye: ooa. « es . 3184, ^ » 71^ 27}, eun. ^'» 
.7046, ^' » 14<> 48^, whence 9" a 540 r. 

The angla, 9^, for the violet raya, being greater than the cor. 
Kspooding angle &r the red, the violet ia higher than the red, in 
the bow ; the colon are therefore inverted in relation to those of 
the primary, the angle ^'O^s* 9^—9 s= S^' !(/. 

The anguhur distance between the bows, qOq = 50^ ST — 4St 
y a 60 55'. 

(130.) The breadth of the bows, and of the spaee between thenv 
having been messured on the suppoaition that the rays flow from 
tk point, correction mnat be made for the apparent diameter of the 
•okur due, whieh is about 32'. On this account tlie breadth of 
each bow is increased by 32', so that the primary is 2^ 17' in 
breadth, and the secondary 3^ 4S^, The breadth of the space be- 
tween the two. bows is, thus, diminished by 32', and is 8^ 23'. The 
m^le, q, fi>r the highest red of the i^imary bow will be (42° Vf 4. 
16^ 42<' 18'; whence, if the sun is more than 42<' 18' above the 
horiaoni the primary bow is not seen; the corresponding limit for 
the seoondaxy bow is 54^ 23'. 

(131.) A portion of the light Which enters any drop of rain, is 
lost at eaeh reflexion : fbr, by art 41, in order that total reflezitm 
abaU take place at the separating suri&oe of the denser and of the 
rarer medium, the relation m sin. ^'b 1, or > 1, must subsist; 
iMot from the investigation it appears, that sim ^ is always less 
than unity, and tiiat the condition necessary to total reflexion is 
never satisfied. The colors of the secondary bow are therefore 
fiuQter than those of the primary. 

The method of investigating the theory of the bows ieraied by 
three or more reflexions combined with two refractions, must be 
obvious fix>m what has been sdid in relation to the primary and 
seeeadary bowsr 
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AbercQtion, spherical, of lenses and 
mirrors, 51 ; longitudinal ; lateral, 
53. Appendix, 55. By a single re* 
fracting surface, App.61. By a lens, 
App. 05. Values of, for difierent 
lenses, 56; A pp. 68. Chromatic, 74. 

iEpinus, M., his experiments on ac- 
cidental colors, S56. 

Air, the absorptive power of, 190. 

Amici, professor, of Modena, pro- 
poses various forms of the camera 
lucida, free from the defects of Dr. 
Wollaston's, 278. Revives the re- 
flecting microscope in an improved 
form, 3i96. 

Analcime, ,the polarizing structure 
of this. mineral; derives its name 
from its pmperty of not yielding 
electricity by Ariction, 183. 

Arago, M., the colors produced by 
crystallized plates in polarized 
lii;ht, studied with success by Biot 
and other authors, first discovered 
by. 157. 

Archimedes, the manner in which 
he is supposed to have destroyed 
the ships of Marcellus, 264. 

Atmosphere, the refractive power of 

. the, 215. 

Axis, of lenses, 33. 

B. 

toarlocci, professor, his experiments: 
finds that the armed natural load- 
stone hail its power nearly doubled 
by twenty-four hours' exposure to 
the strong light of the sun, 85. 

Barlow, his achromatic telescope, 
304. 

Barton, John, produces color by 
grooved surfaces, and communi- 
cates these colors by pressure to 
various substances, lOG. 

Batshn. the tides of, explained by 
Newton and Halley, 119. 

Baumgartner, M., his experiments: 
discovers that a steel wire, some 
parts of which were pf»Ii8hed. the 
otherparts without lunt re, becomes 
magnntic by exposure to the white 



light of the lun ; a north pole ap- 
pearing at each polished part, and 
a south pole aj^aring at each un- 
polished part ; obtains eight poles 
on a wire eight inches long, 84. . 

Beams, solar, diverging, 8!&; and 
converging, 234. 

Berard, M., his experiments on 'tha 
heating pow3r of the ■spectrum, 83. 

Berzelius, M., his experiments on ab« 
sorption, 123. 

Biot and Arago on polarized Isgbl. 
149. 

Blackadder, some phenomena both 
of vertical and lateral mirage, 

' seen by him at King George's Bas- 
tion, Leith, 219. 

Bl^r, Dr., his achromatic lens, 77. 
Constructs a prism telescope, 303. 

Bodies, absorptive power of; the na> 
ture of the power by which they 
absorb light, not yet ascertained; 
all color^ transparent bodies do 
not absorb the colors proportion- 
ally, 120. Absorb heating rays un- 
equally, 316. Natural, the colon 
of, 235 and 320. 

Bovista lycoperdon, the seed of, 101. 

Boyle, his oMervations on the colon 
of thin plates, 90. 

Brereton, lord, his observations on 
the colon of thin films, 90. 

Buchan, Dr., case of unusual reflex- 
ion, 232. 

Bufibn,4»nstructs a burning appa- 
ratus ; the principle of it explained, 
364. 

C. 

Camera obscura, an optical instru- 
ment, invented by the celebrated 
Baptista Porta, 374. 

Camera lucida, invented by Dr. Wol- 
laston, 877.' 

Cameleon mineral, 330. 

Carbon, sulphuret of, of great use in 
optical researches ; employed as a 
substitute for flint glass by Mr. 
Barlow, 305. 

Carpa, M., and M. Ridolfl, repeat 
Dr. Morichini's experiment with 
success, 84. 



* The Appendix referred to is that of the American editor, unleat when 
Ihe contrary is expressly stated. 
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CatopCriM, 13. App. 9. 

Caustict Ibmwd oy reflexion, 58. 

App. 74. Ponned by refraction, 63. 
Chareoal the moot abaorptiva of all 

bodies, 190. 
QievaUer, M., of Paris, makei use 

of a meniscus prism fot tt» ca* 

mera obeeura, S71. 
Christie, Mr., of Woolwich, his ex- 

Eriment confirmed by tboee of M. 
irlood and M. Zantedeschi, 84. 
Ooddington, Mr., his observations on 

the compound microscope, S84. 
Colors, accidental, and colored 
ahadows. S54. Phenomena of. il- 
lastrated by various experiments. 



Compression and dilatation, their 
optical influence, 903. 

Crossed lens, A^. 09. 

CiTstals with one axis of double re- 
fraction, 138. Whether mineral 
bodies or chemical substances have 
two axes of doable refraction, 133. 
A list of the primitive forms of, 
according to Hauy, 134. With 
one axis; system of colored rings 
in, 178. The influence of uniform 
heat and cold on, 202. Composite 
exhibited in the bipyramidal sul- 
phate of potash, SOO. In apophyl- 
lite. ib. In Iceland spar, 908. The 
multiplication of images by the 
cr3r8tals of calureous spar with 
one axis, SIO. Different colors of 
tho two images produced by dou- 
ble refractiqn in crystals with one 
axis, 811. 

Cubes ofglass with double refrac- 
tion, 199. 

Curves, caustic, formed by reflexion 
and refraction. 58. App. 74. 

Cylinders of glass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 19a 

D. 

D'Alembert, 304. 

Davy. Sir Humphry, repeats Derard*s 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chaulnes, duke, 98. 

Descartes, 54. 

Deviation, angle of, 33. App. 37. 

Diamond, 31. 

Dichroism, or the double color of 
bodies, 310. 

Dioptrics, 36. App. SB. 

Dispersion, irrationality of, 78. 



Dispersive powers, table of^ Aatbofa 
App. 310. 

Di Torre, father, of Naples, his Im-- 
provement on Dr. Hookers spberea 
for microscopes, 880. 

Doilond, Mr., the achromatic tele- 
scope brought to a high degree of 
perfection by, 76. 

E. 

Ellipsoid, 54. App. 72. 

Engletield, Sir Henry, 81. 

Eriometer, an instrument proposed 
by Dr. Young, a description of it ; 
and the manner in which it is to 
be used, 101. 

Eye, the human ; the stractare and 
fanctions of, 840. The refractive 
powers of humors of, ^4A. The in- 
sensibility of, to direct impressions 
of faint light ; duration of the im- 
pressions of light on the retina, 
850 and 381. The cause of sin- 
gle vision with two eyes, 251. Tbe 
accommodation of, to different 
distances, proved by various ex 
periments, 5258. Long-sightedness 
and short-sightedness accounted 
for, S253. Insensibility to particu- 
lar colors, 859 and 388. 

Eye-pieces, achromatic, Ramsden's; 
in universal use in all achromatic 
telescopes for land objects, 301. 



Faraday, Mr., his observations on 
glass tinged purple with manga- 
nese ; its absorptive power altered 
by the transmission of the solar 
rays, 134. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 21& 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
the doctrine of 'interference, IIL 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. See- 
beck, 188. 

Focal point, 18. 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17. 
rules for finding the principal ; Ibr 
convex lenses, 41. App. 38 ; for 
mirrors, 17. App. 14. Distance ftom 
centre, a mean proportional, dbe., 
A pp. la Physical, of mirrors, App. 

Fraunhofer, M., of Munich, his ob- 
servations on the lines in the spec- 
trum, 78 ; perceives similar bands 
in the light of planets, and fixed 
stars, 79. Illuminating power of 
tbe spectium, 80. 

Fresnel, M., explains the phenomena 
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of inflexion or diffraction of light, 
86. Formula for polarization of 
light by reflexions, not at maxi- 
mum polarizing angle, App. 83. His 
experiment on the interference of 
polarized light, 180. Discoveries 
of, on circular polarization* 189. 

6. 

Glasses, plane, 31. Multiplying, 273. 
Refraction of light through jriane, 
36. App. 35. Achromatic opera, 
with single lenses, 304. 

Gordon, the duchess of, 91. 

Goring, Dr., his improvements in all 
kinds of microscopes; introduces 
the use of test objects, 387.; a work 
published by him and Mr. Pritch- 
ard on the microscope, 281. 

Gray, Mr. Stephen, 280. 

Gregory, James, the first who de- 
scribed the construction of the re- 
flecting telescope, 291. 

Grimaldi, his discovery of the in- 
flexion or difiraction of light, 86. 

H. 

Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Halley, Dr., his observations on the 
rainbow, 236. 

Halos, 227. The colors of, described ; 
the origin of, and how produced, 
232. 

Hare, Dr., observation on translu- 
cency of gold leaf, 320. 

Hauy, the abb6, discovers the want 
of electricity by friction in anal- 
cime, 184. 

Heat, the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 123. Heat and cold, tran- 
sient influence of, 197. 

Herschel, Mr., his discovery of an- 
other pair of inrismatic images in 
thin plates of mother-of-pearl, 105. 
The principal data of the undula- 
tory theory given by, 119. The 
results of many authors on the 
subject of colored flames, given 

. by, 124. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 
134. 

Herschel, Sir W., his experifnent of 
the heating power of the spectrum 
confirmed by Sir Henry Englefield, 
81. Ink applied by him for obtain- 
ing a white image of the sun, 121. 
Constructs a telescope, 40 feet 
long, with which he discovers the 
sixth satellite of Saturn, 296. 



Hevelius, his obserratlons on a pa- 
raselene, 230. 

Home, Sir Everard, his description 
of the pearl, 105. 

Hooke, Dr., constructs small spheres 
for microscopes, 280. 

Huygens, his difwovery of the law of 
double refraction in crystals, 131 ; 
determines the extraordinary re> 
fraction of any point of the 
sphere, 132. Publishes an elaborate 
history of halos, 231 ; his discov* 
ery of the ring and the fourth 8at« 
ollite of Saturn, 289. 

Huddart, Mr., several cases described 
by him of unusual refraction, 216. 

I. 

Iceland spar; of what composed; 
found in almost all countries, 126. 

Image by mirrors, curvature at ver- 
tex of, App. 24. Change of form 
by change of distance of object, 
App. 24;^rmed from section, App. 
26 ; by a convex lens, App. ^ ; by 
a concave lens, App. S-i. 

Incidence, angle of, equal to angle 
of emergence, 14. App. 29. Plane 
of, 14. 

Induration, the influence of, 205. 

Ink, diluted, absorbs all the colored 
rays of the sun in equal propor- 
tion ; applied by Sir William Her- 
schel, as a darkening substance, 
for obtaining a white image of 
the sun, 121. 

Interference, the law of, 115. 

lolite, properties of, 211. 

Iris ornaments invented by John 
Barton, Esq. 107. 

J. 

Jansen, his invention of the single 

microscope, 279. 
Jurine and Soret, observation of an 

unusual refraction, 218. 

K. 

Kaleidoscope, formation and prin- 
ciple of the, 262. 

Kirchor, the inventor of the magic 
lantern, 276. 

Kitchener's, Dr., pancratic eye-tube, 
302. 



Landriani, 81. 

Lantern, magic, invented by Kir* 

Cher, 276. 
Latham, Mr., 221. 
Lerebours, M., has lately executed 

two achromatic object-glasses, 

which are in Sir James South*! 

observatory at Kensington, 300. 
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I^lMt, Ma work oa the Mat of vit- 
ion. S44. 

La Main, 51. 

l«eni, •pbericaU eoncavo^coiiTez, 
double-convex, plaao-convez, doa- 
ble-concave, friano-coRcave, 31 ; of 
least aberration, App. 69. 

Lenis a plaDo-eoiivex, the priocipal 
focus of, 43. App. 43. Plaiio««oa- 
cave, refraction by, Appi 47. 

-— acbromatic, 76. 

Leoses, the formation of imafes bjr, 
Af^Sfk. Their mafnifyins power, 
46. Convex and concave, 807. App. 
37, 45, and 54. Burning and illu- 
ininating,968. 

Lenses, polyzonal, constructed for 
the Commissioners of Northern 
Lightlra«ises ; introduced into the 
principal French lighthouses, 969. 

Light, the velocity with which it 
moves; moves in straight lines, 13. 
Falling upon any surnoe, the an- 
gle of its reflexion equal to the 
angle of its incidence, 14. The to- 
tal reflexion of, 34. App. 37. Re- 
fraction of, throu|(h curved sur* 
Ihees, 37. Refraction of, through 
spheres, 3d. App. 43i. Refraction of, 
tlirough concave and cnnvex sur- 
faces, 40. App. 31. Refraction of, 
thMMigh convex lenses, 41. App. 
jn. Refraction of, tbroujih concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
convex lenses, 45. App. 4& On the 
colors and decomposition of white 
light, the composition ot, discover- 
ed by 8ir I. Newton, 63. Difliirent 
refrangibilities of the rays of; re- 
coDiposition of white light, 65. De- 
composition of, bv absorption, 67, 

' and 315. The inflexion or diffrac- 
tion of, 86. Several curious prop- 
erties of. 107. The interference of, 
111. The absorption of, 130. A 
new method proposed of analyzing 
white light, 134. Double refraction 
of, fint discovered in Iceland spar, 
196. Polarization of, by double re- 
• fraction, 138. Partial polarization 
of, by reflexion, 149. App. 83 ; and 
by ordinary refraction, 153. App. 
83. Polarized, the colors of erys- 
Ullized plates in, 183. The action 
of metals upon ; absorptive powers 
of, 310. 

Lsadstone, Tarious experiments by 

Srofessor Barlocci and Zante- 
esehi on the magnetizing power 
onifhtoii,89. 



Magnetism, experiments illustrative 
of, as developed by light, dSw 

Malus, M., discovers tlie polariza- 
tion of light by reflexion, J.4& 
Law of, AppiSL 

Mariotte, his curious diaoorery that 
the base of the optic nerve was 
incapable of conveying to tte 
brain the impression of distinct 
vision, 343. Theory of visimi 
proved by comparative anatomy, 
344. 

Megascope, a modification of the 
camera obscura, 276. 

Melloni, Signer, observations on ab- 
sorption of heating rays of spec- 
trum, 316. 

Meniscus, 32. Its effect on paraliri 
rays; its effect on diverging rays, 
45. A pp. 48. 

Microscope, single, 51. The magni- 
fying power of; invented by Jan- 
sen and Drebell, '879. Made of 
garnet, diamond ruby and sap- 
phire, 280. 

— — — reflecting, 51., First 
proposed by Sir Isaac Newton ; re- 
vived ill an Improved form by pro- 
fessor Aroici of Modena, 5286. 

compound, 283. 

solar, 2tS. 



Microscopic observations, rules Ibr, 
887, 

Mirage, a name given to certain ef- 
fects of unusual refraction, by the 
French army, while marching 
through the sandy deserts of Lower 
Egypt, 21H, 

Mirrors, 13. Images formed by, 23. 
App. 83. Concave, fortnatiou of 
iniages by, 33. App. 24. Tbejirop- 
erties by wliich they are distin- 
guished, 365; used as lighthouse 
reflectors, and as burning instru- 
ments, 366. 0)uvex, formation of 
images by, 34. App. 26. Plane, 
formation of images by, 25. App. 
36. Spherical aberration of, 57. 
App. 55. Plane and curved, 861. 
Plane burning, the effect produced 
by a number of these, 364. Plane, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichiui, Dr., his experinient on the 
magnetizing power of the solar 
rays, 83; magnetizes several nee- 
dles in the presence of Sir H. 
Davy, professor Play fair, and other 
English philosophers, 84. 
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Mother-of-pearl, the princi]Hil eokmi 
of, obtaiiM from the shell of tbe 
pearl oyster; long empioyed in the 
arts; the manner in which its 
colors may be observed, 103. 

N. 

Newton, Sir Isaac, his discovery of 
the compoeitjon of white light, 63. 
Becomposes white light, (>5. In- 
fleiion or diffraction of light de- 
scribed by, 86. His method of pro- 
ducing a thin plate of air ; com- 
pares the colors seen by reflexion 
with those seen by transmission, 
fi2. Bis observations on Che colors 
of thick plates produced by con- 
cave glass mirrors, 97. Bis theory 
of the colors of natural bodies, 836. 
Bis experiment of accidental co- 
lors, 856. Was the first who applied 
a rectangular prism in reflecting 
telescope8,270. Executes a reflecting 
telescope with his own hands, 391. 

Kon-luminous bodies, 11. 

O. 

Objects, test, the use of, introduced 
by Dr. Goring, 887. 

Oblique pencil, cases of, App. 10 ; re- 
flexion by mirror, App. 19 ; which 
crosses axis of mirror, App. 38. 

Opacity, 33U. 

Optical flgures, beautiful, how pro- 
duced, SS03. 

Optics, physical, 63. 

Oxides, metallic exhibit a tempora- 
ry diange of color by heat, 839. 

P. 

Parabola, 58. 

Parker, Mr., of Fleet-street, executes 
the most perfect burniug lens ever 
constructed, 388. 

Pencil, direct and oblique, defined, 
App. 9. 

Phantasmagoria, 877. 

Plates, thin, colors of, 90. Of air, 
water, and glass, 93. Thick, flnt 
observed and described by Sir I. 
Newton as produced by concave 
mirrors, 97 ; a method by which 
the colors may be best seen and 
their theory best studied, 09. Re- 
fraction through, App. 36. 

Polarization by reflexion, law of, 
App. 81. Relative to refraction, 
App. 88. At second surflice of a 
iilate, App. 89i Partial by reflex- 
ion. App. 88. By ordinary refrac- 
tion, App. 83. Circular ; tliis sub- 



ject studied witiL much sacaclty 

and success, by M. Biot, 185. JBtlip- 

tical, 190. 
Porta, Baptista, his invention of tin. 

camera obscure, 374. 
Primary plane, App. 19. 
Principal fbcal distance, 17. 
Prisms, refl-action of light through 

33. App. 38. 
Prisms, crown glass, and diamond, 

the dispersive powers of, compared, 

71. 
Prism, meniscus, used tbr the came* 

ra obscura, by M. Chevalier of 

Paris, 371. 
Prisms, eompoand and variable, STL 
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Radiant point, 1& 

Rainbow, primary and secondary, 
823. App. 86, The light of both 
wholly polarized in the planes of 
the radii of tbe arch, 335. 

Ramage, Mr., of Aberdeen, con« 
structs various Newtonian tele- 
scopes; the largest of these is 
erected at the Royal Observatory 
of Greenwich, 897. 

Rays, reflexion of parallel, 15. Appw 
14. Reflexion of diverging, 15. 
App. 14. Reflexion of convereing» 
16. App. 16. Reflexion of, 1h)ni 
concave mirrors, 16. App. 13. Re- 
flexion of, from convex mirrors, SO. 
App. 16. Incident ; refracted, 3& 
Focus of parallel ; diverging; con- 
verging, for sphere, 39. App. 43. 
Parallel, 4L Rule for flnding the 
focu4 of )>arallel for a glass un- 
equally convex, 42. App. 38. Rula 
for flnding. the focus of a convex 
lens fbr diverging rays, 43. App. 39. 
Rule for flnding the focus of con- 
verging, 40. App. 44. Rule for flnd- 
ing the focus or a concave lens for 
diverging, 45. App. 46. Solar rays, 
tbe magnetizing power of, 83. 
Falling nerpendicularly on tlie 
surflice or a prism, App. 39. 

Rectangular iriates of glass with no 
double refraction, 199. 

Reflexion by specula and mirrors ; 
angle of, 13. Plane of, 14. Fits of, 
111. Total, 34. App. 37. Formulte 
for, deduced from thoee of refrac- 
tion, A pp. 37. Surfaces of accurate^ 
App. 71. 

Refraction, angle of, 38 ; index of, 30. 
App. 38. Through prisms, 31. App. 
88. And leuses, 31. App. 31. l%f. 
composition of white lijtht diatow-' 
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•rad bj. 63. Poliiriiattoii Ij, 1& 
Aop. 83. Unusaal. 21S. Surfaces 
of accarate, App. 71. 

fteflraction, double, the law of, aa it 
exlBts in Iceland spar, 196. Law 
of, Amk 79. Communicated to 
bodies by beat, ra|ud cooling, pres- 
sure, and induration, 135. Gene- 
ral obserrations on, S14. 

Befractive power, ubles of, Autbor^s 
App. 310. Absolute, 310, 315. 

Rieas and Moser, MM., their experi- 
ments on the msf netizinf power 
of solar rays, 85. 

Bothoa, 8L 



Beheele, the celebrated, 83. 

Bcheiner, the ongiaal account of a 
parhelion seen by, S28. 

Sooresby, captain, in navigating the 
Greenland seas, observed several 
cases of unusual refraction, 217. 

Secondary plane, focal length in, 
found, App. 21. 

Seebeck, M., his experiments on the 
heating power of the spectrum, 83. 
And on the chemical influence of, 
to. Published an account of ex- 
periments with cubes and glass 
cylinders, 202. 

Belf-luminous bodies, 11. 

flenebier, 81. 

Bolar spectrum consists of three 
colored spectra of equal lengths,— 
red, yellow, and blue, 68. 

Bomerville, Mrs., her experiments; 
produces magnetism fn needles, 
which were entirely Itec from 
magnetism before, by the solar 
rays ; her experiments repeated by 
ML Baumgartner, 84. 

Spectrum, the, 78. Properties of; 
the existence of fixed lines In, 78. 
The illuminating power of, 80. 
The heating power of, 81. Chem- 
ical influence of, 82. 

Spectacles, periscopie, invented by 
Dr. Wollaston, 267. 

Specula, plane, concave, and con- 
vex, 13. 

Sphere, rule for finding the'focus of, 
40. App. 42. 

. of glass, with a number of 

axes of double refraction, 201. 

Spherical surfaces, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
double retraction, 201. 

4Bobstances with circular doable re- 
fraction, 13S. 

Sulphuric acid, 73. 



Surfhces, grooved, tbe prodactibn of 
color by ; and of the communica« 
bility of these colors to various 
substances, 104; applied to the 
arts by John Barton, £aq., TK. 

T. 

Tabasheer, the refractive power of, 
239. 

Talbot, Mr., his experiments on the 
colors of thin jriates, 97. His ob- 
servations on nimB of blown glass, 
100. 

Tcinoscope, 303. 

Telescope, reflecting, 50. Astronom- 
ical refracting, 51. Achromatic 
one of the greatest Inventions of 
the last century, pronounced by 
Newton to be hopeless ; acoom- 
pli.thed soon after hi? death, by Mr. 
Hall ; brought to a high degree of ' 
perfeciion by Mr. Dollond, 7^ Ter- 
restrial, 390. Galilean, 291. Gre- 
Sorian reflecting, 391. A rule to 
nd tbe magnifying power of, 293. 
Cussegrainian, 29.C Newtonian, 
an improvement on the Gregorian 
one, 2U4. Sir William Herscbel's. 
296. Mr. Ramage's, 237. Achro- 
matic solar, with single lenees.BOSL 
Imperfectly Achromatic ; the im- 
provement oft 306. 

Thenard, the first who observed 
blackness produced on pbospbo 
rus, 124. 

Thickness, correction for, App. 35. 

Topaz, Brazilian, 210. 

Transmission, fits of. 111. 

V. 

Undulations, theory of, 116 and 318 
Great progress of, in modern time^ 
tbe doctrine of interference in ac- 
cordance with, 118. 

V. 

Vergency, termused by Lloyd, App. 18 

Villele, M., of Lyons, burning in* 
struments made by, 266. 

Vince, Dr., his observations on un- 
usual refraction, 216. And on a 
most remarkable case of mirage, 
218. 

Vision, the seat of, 243. Erect, the 
cause of, from an inverted image* 
246. Distinct, the law of, 247. Ob- 
lique, 248. 

Visible direction, the law of, 345 . 
the centre of, 246. 
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w. 

Wftter, tli« ftlMorptiye power of; 15iO. 
For heating rayt, 317. 

Wollaston, Dr., bit diaroveriea on 
tbe chemical effects of light on 
gum guaiaeum, 83; His invention 
of the periscopic spectacles, 267. 
Of the camera lucida, 377. Dou' 
blet, S84. Refraction through 
strata of air of diflbrent densities 
proved by, 219. 

Wnnsch, M.« his observations on 
alcohol and oil of turpentine, 88. 



Y. 

Toung, Dr., his invention of the in« 
strument called the eriometer, lOL 
His illustration of the undulatory 
theory drawn from the siuring and 
neap tides, 118. His experiments 
on the interference of the rays of 
light, 114. 

Z. 

Zantedeschi, M.« his observations on 
oxidated magnets and those which 
are not oxidated; repeats Mr. 
Christie's experiments on needles 
vibrating m the sun's liglit, 8S. 
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